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1
GAS SENSOR

TECHNICAL FIELD

The present invention relates to a gas sensor, and more
particularly, the present invention relates to a technique effec-
tively applied to a structure of a hydrogen gas sensor with low
power consumption for detecting hydrogen gas and a method
of controlling a threshold voltage of the hydrogen gas sensor.

BACKGROUND ART

Hydrogen gas has properties of odor free and low ignition
energy which results in large explosion power. Therefore, in
order to exactly monitor leakage of hydrogen gas in a pipeline
for city gas or others and detect the leakage of hydrogen gas
in an industrial hydrogen gas line, usability of a system in
which a lot of small-sized hydrogen gas sensors are arranged
to monitor leakage locations has beenreviewed. For example,
in a hydrogen concentration which is several percentages of a
concentration of explosion limit, a hydrogen gas sensor
which can detect hydrogen gas at a high response speed (for
example, in a range of 1 to 3 seconds) is required. An idea of
such a monitoring system is described in, for example, Fuel
Cell, VOL, 4, No. 4, 2005, p. 60-63 (Non-Patent Document
1). In order to achieve such a monitoring system, for the
hydrogen gas sensor, it is desired to respond to a hydrogen
concentration which is 10% of 100 ppm at a high speed and to
be low power consumption, small sized, and low cost. Also in
monitoring the hydrogen leakage in fuel cell vehicle or hydro-
gen vehicle, a hydrogen gas sensor with low power consump-
tion is useful.

Incidentally, there is a lithium cell (lithium battery) as one
of'batteries which can take the most current capacity recently.
The lithium cell has a risk of ignition. However, in a case of up
to two of them, it is legally established that it is not required
to take a countermeasure based on a specific mounting struc-
ture for firing safety measures. When a hydrogen gas sensor is
operated by using two lithium batteries with high current
capacity (for example, a voltage of 3 V and a current capacity
0f'2.6 Ah) of the lithium cells, if power consumptionis 1 mW,
continuous operation of the hydrogen gas sensor for about
650 days is possible. That is, as long as the operation for one
year, power consumption up to 1.78 mW is allowed. Further,
when a hydrogen gas sensor is operated by using one small-
sized button cell for a mobile device, even if it is a lithium cell
with relatively large capacity, a voltage is 3 V but a current
capacity is such small as 0.61 Ah. Therefore, in order to
operate the hydrogen gas sensor for one year or longer, an
idea for further reduction in the power consumption is
required. The power consumption of the hydrogen gas sensor
is defined mainly by a sensor unit and an interface circuit. The
power consumption of the interface circuit can be reduced by
configuring the interface circuit to be an IC.

As a hydrogen gas sensor whose mass production is easy
and which has a property of low power operation with using
Si semiconductor, a hydrogen gas sensor of a Si-MISFET
(Metal Insulator Semiconductor Field Eftect Transistor) type
has been proposed. However, even in the Si-MISFET-type
hydrogen gas sensor, if the high-speed response is required, it
is required to heat the Si-MISFET-type hydrogen gas sensor
at 100 to 200° C.

The present inventor has achieved the power consumption
of'about 100 mW in the Si-MISFET-type hydrogen gas sensor
on which a sensor chip having a size of 2 mm square is
mounted (see in, for example, Fuel Cell, Vol. 8, No. 3, (2009),
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p- 8810 96 (Non-Patent Document 2)). However, as described
above, in the cell operation, further reduction in the power
consumption is required.

In the Si-MISFET-type hydrogen gas sensor in the above-
described Non-Patent Document 2, a sensor MISFET, a ref-
erence MISFET, and a PN-junction-type diode for measuring
the temperature are surrounded on a surface of the sensor chip
by a heater wiring made of metal, and the whole sensor chip
having a flat dimension of 2 mmx2 mm and a thickness 0f 0.4
mm is heated at 100 to 150° C. In this case, a lot of lead wires
are used.

Further, as a substrate for the sensor chip, a Si substrate
made of monocrystalline Si is generally used. However, the Si
substrate has a thermal conductivity of 148 W/(m-° C.).
Therefore, as a technique for the power reduction, an MEMS
(Micro Electro Mechanical Systems) structure is known, in
which a Si substrate is bored and a heater is formed in the
bored region. For example, U.S. Patent Application Laid-
Open Publication No. 2004/0075140 (Patent Document 1)
discloses a technique in which, a Si substrate is bored, an
insulator such as a Si;N, film or a SiO, film having low
thermal conductivity is thinly formed in the bored portion, a
flammable gas sensor with using a thin film such as a SnO,
film in the portion and a heater formed of a resistor body are
formed and heated at about 400° C. However, in this example,
the MISFET is not formed in the bored portion.

Further, for example, U.S. Pat. No. 6,111,280 (Patent
Document 2) discloses a flammable gas sensor in which, an
SOI (Silicon On Isolator) substrate is used, a Si-MISFET
formed in a bored region in a Si substrate is used as a heater,
and a sensitive membrane (for example, an SnO, film) is
arranged on the Si-MISFET to be used as a gas sensor film.
Further, it discloses a hydrogen gas sensor in which, a sensi-
tive film made of metal oxide to which a material having
catalytic function is doped is formed on a gate insulating film
of the Si-MISFET formed in the bored region in the Si sub-
strate, and a Pt electrode is formed on the sensitive film.
Further, it also discloses to form a heater made of a resistor
body is formed on a rear surface of the SiO, film in the bored
region in the Si substrate and to heat the Si-MISFET. How-
ever, in such a structure of a hydrogen gas sensor, a manufac-
turing step such as performing a plurality of lithography
processes to the rear surface of the SOI substrate having
concave-convex surfaces is used after a lithography process
to a front surface of the SOI substrate.

Meanwhile, if the low power consumption cannot be suf-
ficiently achieved by continuous current flow, an intermittent
operation method is effective. The intermittent operation
method can be used, in which, heating time is represented as
“t,” and heating stop time is represented as “t,”, and the
power consumption for heating can be effectively reduced by
a duty ratio “(t,/(T,+t,))”. This intermittent operation
method is effective when a time constant determined by the
product of a thermal capacity of a targeted region with a
thermal resistance connected to the targeted region is suffi-
ciently shorter than the heating time T, and the heating stop
time T,. In this method, if the heating stop time T, is long, the
power consumption can be reduced with no limit in principle.
However, performance of the detection of gas leakage is
reduced.

Because of limitation of the response speed of the conven-
tional hydrogen gas sensor, it is determined in current regu-
lations that the response speed of the hydrogen gas sensor is
30 seconds or shorter. Therefore, if a hydrogen gas sensor
with a high response speed (for example, about one second) is
provided, the explosion by the leakage ofhydrogen gas can be
prevented without damaging safety even in such an intermit-
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tent operation in which heating is performed for 2 seconds by
the heater, and then, heating is stopped for 28 seconds. There-
fore, alower limit ofthe duty ratio is about 1/14. That is, when
two lithium cells which are not regulated legally are used for,
for example, a cordless monitoring system or a sensor node of
a wireless monitoring system in the above-described Non-
Patent Document 1, the lower limit of the power consumption
is expressed as 25 mWx(1/14)=1.78 mW. Therefore, it is
considered that an upper limit of the power consumption in
the heater heating for which the operation for one year can be
ensured is about 25 mW.

In the Si-MISFET-type hydrogen gas sensor, on which the
sensor chip having a size of 2 mm square (in which a thickness
of the Si substrate is 0.4 mm) is mounted, achieved in the
above-described Non-Patent Document 2, the thermal capac-
ity of the sensor chip whose size is 2 mm square is such large
as about 270 pW-second/® C. Therefore, when a chip tem-
perature is raised from an environmental temperature (for
example, —=35° C.) to about 150° C., the arrival time t0 to the
temperature is obtained by the quotient of the product of the
thermal capacity C with a temperature difference AT and the
heater power Pow supplied, and it takes about 1 second in 100
mW and takes about 100 seconds in 1 mW. In such a hydrogen
gas sensor, when the heater is continuously operated, the
arrival time t0 does not become a problem since it does not
rapidly change the sensor temperature. However, when the
intermittent operation of the heater is achieved, it becomes a
large interruption. That is, in the existing publicly-known
techniques, there is no hydrogen gas sensor equipped with a
heater which can be used by a cell for a long period.

Further, an installation environmental temperature of the
hydrogen gas sensor used is in a wide temperature range from
a low temperature of —50° C. to a high temperature of 70° C.
in some cases, and the installation is required in some cases in
a place where the environmental temperature in the installa-
tion changes every day or every year. For example, in a
catalytic-combustion-type hydrogen gas sensor described in,
for example, Kiyoshi Fukui, Surface Technology, Vol. 57, No.
4, (2006), p. 244 to 249 (Non-Patent Document 3) or others,
the problem of temperature change is solved by using a tem-
perature compensation device, that is, a balance circuit (a
Wheatstone bridge circuit or others) having a structure
equivalent to that of the hydrogen gas sensor.

Further, in a Pt-gate Si-MISFET-type hydrogen gas sensor
with using Pt for a gate, there are problems such that reliabil-
ity for a long term cannot be guaranteed because an adhesive
property between Pt and oxide such as SiO, is poorand that a
Pt film is partially peeled oft, which results in contamination
of' a manufacturing apparatus by the peeled-off Pt film in a
working process for manufacturing the Si-MISFET. There-
fore, when Pt is used, the adhesive property is maintained by
inserting barrier metal such as Ti, Mo, or W between Pt and
Si0,, so that the contamination due to the peeling off is
avoided. However, when the hydrogen gas sensor is operated,
if such a barrier metal layer exists, the hydrogen gas is
blocked or stored by the barrier metal layer, and therefore,
there is a problem that the sensor cannot be used as the
hydrogen gas sensor because the hydrogen gas sensor does
not react with the hydrogen gas at all or the hydrogen
response speed is significantly low (see in, for example, S.Y.
Choi, et. al, IEEE Electron Device Letters, EDL-5, 14-15
(1984) (Non-Patent Document 4)).

In a Pd-gate Si-MISFET-type hydrogen gas sensor
obtained by forming Pd catalytic on a gate insulating film
(810, film) by a sputtering method, such an effect that thermal
treatment at 100° C. with 1% air-diluted hydrogen gas by
significantly shorten the response time for the 1% air-diluted
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hydrogen gas from 50 hours to 55 seconds has been found
(see in, for example, Y. Morita, et. al, Sensors and Actuators,
B33, 96-99 (1996) (Non-Patent Document 5)). Note that,
when irradiation of the 1% air-diluted hydrogen gas is
stopped, hydrogen response intensity slightly remains so that
the time required for the stop of the hydrogen response is
about 655 seconds. The above-described Non-Patent Docu-
ment 5 reports that, while threshold voltages Vth of an
n-channel-type MISFET and a p-channel-type MISFET are
1.3 V and -0.6 V before hydrogen annealing, respectively,
both of the threshold voltages obtained after the thermal
treatment at 100° C. with the 1%-air diluted hydrogen gas are
changed to 0.2 V.

PRIOR ART DOCUMENTS
Patent Documents

PATENT DOCUMENT 1: U.S. Patent Application Laid-
Open Publication No. 2004/0075140
PATENT DOCUMENT 2: U.S. Pat. No. 6,111,280

Non-Patent Documents

Non-PATENT DOCUMENT 1: Yokosawa and other three,
Fuel Cell, Vol. 4, No. 4, (2005), p. 60 to 63

Non-PATENT DOCUMENT 2: Usagawa and other three,
Fuel Cell, Vol. 8, No. 3, (2009), p. 88 to 96

Non-PATENT DOCUMENT 3: Kiyoshi Fukui, Surface
Technology, Vol. 57, No. 4, (2006), p. 244 to 249

Non-PATENT DOCUMENT 4: S. Y. Choi, et.al, IEEE
Electron Device Letters, EDL-5, 14-15, (1984)

Non-PATENT DOCUMENT 5: Y. Morita, et.al, Sensors
and Actuators, B33, 96-99, (1996)

DISCLOSURE OF THE INVENTION
Problems to be Solved by the Invention

The hydrogen gas sensor with the low power consumption
can be achieved by, for example, the Si-MISFET-type hydro-
gen gas sensor disclosed in the above-described Patent Docu-
ment 2. However, there is such a problem that its manufac-
turing process is complicated, which results in low
manufacturing yield. Further, there is such a problem that it is
difficult to achieve the hydrogen gas sensor with the low
power consumption which allows the operation thereof for
one year or longer by a low-voltage power source (for
example, 1.5 to 3 V) using a cell or others (First Problem).

A preferred aim of the present invention is to provide a
technique capable of easily achieving a Si-MISFET-type
hydrogen gas sensor with low power consumption which
allows operation thereof for one year or longer by a low-
voltage power source (for example, 1.5to 3 V).

Further, another preferred aim thereof is to provide a tech-
nique capable of improving controllability of a threshold
voltage of a sensor MISFET of a Si-MISFET-type hydrogen
gas sensor (Second Problem) and achieving a Si-MISFET-
type hydrogen gas sensor in which an operation temperature
can be maintained constant against change in an environmen-
tal temperature without forming a temperature compensation
device (Third Problem).

The above and other preferred aims and novel characteris-
tics of the present invention will be apparent from the descrip-
tion of the present specification and the accompanying draw-
ings.
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Means for Solving the Problems

The typical ones of the inventions disclosed in the present
application will be briefly described as follows.

Anembodiment of the present invention describes a hydro-
gen gas sensor including: a sensor chip having a sensor MIS-
FET and a heater formed at a heater region on a main surface
of'a substrate; a mounting substrate on which the sensor chip
is mounted; and a heat insulation material inserted between
the sensor chip and the mounting substrate. And, on the main
surface of the substrate of the sensor chip, a pad electrode is
formed so as to be connected to the heater via a lead-out
wiring, a lead terminal used for connection to an outside is
formed so as to penetrate through the mounting substrate, and
the pad electrode and the lead terminal are connected to each
other by a lead wire. The sensor MISFIT includes a catalytic
metal gate, a source electrode, and a drain electrode and, and
a heater is arranged on a plane that extends between the
source electrode and the drain electrode and has a first portion
at one side of the catalytic metal gate and a second portion at
an opposite side of the catalytic metal gate and has a gap
region between the first portion and the second portion. The
heater is provided at a height position higher than a height
position of the catalytic metal gate in a direction perpendicu-
lar to the plane on which the heater is arranged.

When it is assumed that a thermal resistance obtained from
a heater region where the heater is formed to the mounting
substrate so as to interpose the sensor chip and the heat
insulation material therebetween is represented as “R,,”, that
a total thermal resistance of a thermal resistance from the
heater region to the pad electrode and a thermal resistance or
the lead wire is represented as “R;”, that a radius of a circle
having the same area size as a surface area of the heater region
is represented as “r,”, that a thermal conductivity of atmo-
sphere gas generated by the heating of the heater is repre-
sented as “A”, that a difference between a set temperature of
the heater region and an environmentally-assumed lowest
temperature in installation is represented as a temperature
difference “ATmax”, and that a heater maximum power sup-
plied to the heater which is determined by an electric resis-
tance of the heater at the set temperature and a power source
voltage is represented as “Powmax”, if the heater maximum
power Powmax is 25 mW or less, but greater than zero the
thermal resistances R, and R; and the surface area of the
heater region are set so as to satisfy a relationship of “Pow-
max/ATmax>1/R+1/R, +4mh-r,”.

Effects of the Invention

The effects obtained by an embodiment of typical aspects
of the present invention disclosed in the present application
will be briefly described below.

A Si-MISFET-type hydrogen gas sensor with low power
consumption which allows operation thereof for one year or
longer by a low-voltage power source (for example, 1.5 to 3
V) can be achieved.

BRIEF DESCRIPTIONS OF THE DRAWINGS

FIG. 1 is a cross-sectional view of a principal part of a
sensor MISFET according to a first embodiment of the
present invention;

FIG. 2 is a plan view of a principal part of a sensor chip
according to the first embodiment of the present invention;

FIGS. 3A and 3B are a plan view of a partially-enlarged
principal part of a bridge region formed in an MEMS region
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according to the first embodiment of the present invention and
across-sectional view of a principal part taken along line A-A'
in FIG. 3A, respectively;

FIGS. 4A, 4B and 4C are a cross-sectional schematic view
of'a hydrogen gas sensor on which the sensor chip according
to the first embodiment of the present invention is mounted, a
rear surface schematic view of a stem base according to the
first embodiment of the present invention, and a front surface
schematic view of the stem base according to the first embodi-
ment of the present invention, respectively;

FIGS. 5A and 5B are a graph diagram for explaining power
consumption characteristics according to the first embodi-
ment of the present invention and a graph diagram for
explaining heater power consumption characteristics of the
hydrogen gas sensor according to the first embodiment of the
present invention, respectively;

FIGS. 6A and 6B are a graph diagram for explaining con-
trollability of a threshold voltage according to the first
embodiment of the present invention and a graph diagram for
explaining time response of a hydrogen response output
according to the first embodiment of the present invention,
respectively;

FIGS. 7A and 7B are a wafer in-plane distribution diagram
of a threshold voltage for explaining a wafer in-plane distri-
bution of a threshold voltage and repeatability thereofaccord-
ing to the first embodiment of the present invention and a
diagram for explaining a wafer in-plane distribution of a
hydrogen response output according to the first embodiment
of the present invention;

FIGS. 8A and 8B are a control circuit diagram according to
the first embodiment of the present invention and a graph
diagram for explaining an operation (current-voltage charac-
teristics) of the control circuit according to the first embodi-
ment of the present invention, respectively;

FIG. 9 is a cross-sectional view of a principal part of a
sensor MISFET, in which polysilicon formed on a glass sub-
strate is used for a channel layer, according to a second
embodiment of the present invention;

FIGS. 10A to 10D are cross-sectional views of a principal
part illustrating a method of manufacturing the sensor MIS-
FET according to the second embodiment of the present
invention;

FIG. 11 is a plan view of a principal part of a sensor chip
according to the second embodiment of the present invention;

FIG. 12 is a cross-sectional schematic view of a hydrogen
gas sensor on which the sensor chip according to the second
embodiment of the present invention is mounted,

FIG. 13 is a graph diagram for explaining heater power
consumption characteristics of a hydrogen gas sensor accord-
ing to the second embodiment of the present invention;

FIG. 14 is a cross-sectional view of a principal part of a
sensor MISFET according to a third embodiment of the
present invention;

FIG. 15 is a plan view of a principal part of a sensor chip
according to the third embodiment of the present invention;

FIG. 16 is a cross-sectional view of a principal part of a
sensor MISFET according to another example of the third
embodiment of the present invention;

FIG. 17 is a plan view of a principal part of a sensor chip
according to another example of the third embodiment of the
present invention;

FIG. 18 is a plan view of a principal part of a sensor chip
according to a fourth embodiment of the present invention;

FIG.19 is a plan view of a principal part of a flammable gas
sensor according to a fifth embodiment of the present inven-
tion; and
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FIG. 20 is a plan view of a principal part of a sensor chip
according to the fiftth embodiment of the present invention.

BEST MODE FOR CARRYING OUT THE
INVENTION

In the embodiments described below, the invention will be
described in a plurality of sections or embodiments when
required as a matter of convenience. However, these sections
or embodiments are not irrelevant to each other unless other-
wise stated, and the one relates to the entire or a part of the
other as a modification example, details, or a supplementary
explanation thereof.

Also, in the embodiments described below, when referring
to the number of elements (including number of pieces, val-
ues, amount, range, and the like), the number of the elements
is not limited to a specific number unless otherwise stated or
except the case where the number is apparently limited to a
specific number in principle. The number larger or smaller
than the specified number is also applicable. Further, in the
embodiments described below, it goes without saying that the
components (including element steps) are not always indis-
pensable unless otherwise stated or except the case where the
components are apparently indispensable in principle. Simi-
larly, in the embodiments described below, when the shape of
the components, positional relationship thereof, and the like
are mentioned, the substantially approximate and similar
shapes and the like are included therein unless otherwise
stated or except the case where it is conceivable that they are
apparently excluded in principle. The same goes for the
numerical value and the range described above.

Also, in some drawings used in the embodiments described
below, hatching is used even in a plan view so as to make the
drawings easy to see. Further, in the following embodiments,
a metal insulator semiconductor field eftect transistor (MIS-
FET) representing a field effect transistor is abbreviated as
“MIS” in some cases. Note that a MOSFET (Metal Oxide
Semiconductor Field Effect Transistor), that is a field effect
transistor having a structure in which a gate insulating film
thereof'is formed of a SiO, film, is included in a more specific
concept of the above-described MISFET. Further, in the
embodiments described below, while Si;N,, is so-called sili-
con nitride, it includes an insulating film which is made of
nitride of silicon having a similar composition. While SiO, is
so-called silicon oxide, it includes an insulating film which is
made of oxide of silicon having a similar composition. Fur-
ther, in the embodiments described below, the term “wafer”
mainly indicates a silicon (Si) monocrystalline wafer but it
indicates not only the same but also a silicon on insulator
(SOI) wafer, a glass wafer, an insulating film substrate for
forming an integrated circuit thereon, or the like. The shape of
the wafer includes not only a circular shape or a substantially
circular shape but also a square shape, a rectangular shape,
and the like.

Further, components having the same function are denoted
by the same reference symbols in principle throughout all
drawings for describing the embodiments described below,
and the repetitive description thereof is omitted. Hereinafter,
the embodiments of the present invention will be explained in
detail based on the drawings.

The embodiments of the present invention will explain
means for solving the first problem, the second problem, and
the third problem with using a Si-MISFET-type hydrogen gas
sensor as one example of a gas sensor. However, it goes
without saying that the present invention can be applied to a
gas sensor of other system. Further, the embodiments of the
present invention will mainly explain a Si-MISFET-type
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hydrogen gas sensor which is operated by using two lithium
cells each having a voltage of3 V and a current capacity of 2.6
Ah.

[First Embodiment]

A first embodiment relates to first means for solving the
first problem, means for solving the second problem, and
means for solving the third problem.

First, the first means for solving the first problem will be
explained.

Power consumption reduction ofa Si-MISFET-type hydro-
gen gas sensor can be achieved by reducing a surface area size
of a heater region to reduce heat dissipation from the surface
of the heater region and using a MEMS structure described
below to thermally insulate the thermal diffusion of the heater
region. Further, the power consumption reduction can be
achieved by a structure for suppressing the heat dissipation
from a glass substrate by forming a sensor FET on the glass
substrate, and besides, for suppressing the heat dissipation
from a mounting lead wire through a pad electrode connected
to the heater region by a lead-out wiring by down-sizing a
sensor chip itself and mounting the sensor chip so as to
interpose a heat insulation material having the same area as
that of the sensor chip. One example of forming the MISFET
on the glass substrate will be described in a second embodi-
ment later.

A basic concept for solving the first problem according to
the first embodiment is as follows.

(1) When the whole sensor chip is heated to 100 to 150° C.,
thermal efficiency is poor and thermal capacity is too
large. Therefore, thermal capacity of an intrinsic FET
region is suppressed to be 1/100 times a conventional
one or less, so that a temperature increase rate is sup-
pressed to be several tens of milliseconds or shorter even
in lower power consumption.

(2) A structure in which heater wirings are inserted in
spaces between a source electrode and a gate electrode
and between a drain electrode and the gate electrode is
adopted in order to reduce thermal discharge from the
surface of the heater region into the atmosphere gas, so
that the surface area of the heater region is made small
such as 300 pmx300 pm or smaller.

(3) A thermal resistance of the lead-out wiring from the
intrinsic FET region to the pad electrode is largely
increased by only slightly increasing a parasitic resis-
tance of the sensor FET.

(4) In order to prevent thermal discharge from the mount-
ing lead wire, the number of mounting lead wires is set
to four, a diameter of the mounting lead wire is set to 8 to
25 um, and a length thereof is set to about 3 to 12 mm.

(5) In order to prevent thermal discharge through the heat
insulation material which is inserted between the sensor
chip and the mounting substrate (stem base), a foamed
glass heat insulation material having an extremely low
thermal conductivity is used as that.

(6) By the above-described methods of (1) to (5), a hydro-
gen gas sensor having such low power consumption as
about 25 to 0.3 mW is achieved in a cell operation at a
voltage of 3 V.

In the case of the Si-MISFET-type hydrogen gas sensor, a
portion which has to be maintained at a predetermined tem-
perature is only a portion of a catalytic metal gate for control-
ling a channel of the sensor FET. If temperature characteris-
tics of a resistance of the heater wiring are taken, a
temperature of the sensor chip can be measured, so that the
resistance value of the heater wiring can be used as a ther-
mometer.
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Therefore, since a PN-junction diode for measuring the
chip temperature is not always required inside the sensor
chip, the PN-junction diode is removed, so that the area of the
sensor chip can be reduced. By configuring only the sensor
FET into a chip, the area of the sensor chip can be reduced, so
that only the catalytic metal gate for the sensor FET can be
heated, and therefore, an area of a heat source (heater wiring)
can be reduced. In this manner, the power reduction can be
achieved.

Further, since the number of mounting lead wires can be
reduced to four, thermal discharge from the mounting lead
wires can be prevented. Since it is only required to maintain
the temperature of the catalytic metal gate of the sensor FET
at a predetermined temperature in a range of 100 to 150° C.,
the temperature can be lower than an operation temperature of
a typical hydrogen gas sensor which is 400° C.

In consideration of these matters, in the first embodiment,
first, an SOI substrate is adopted, a Si substrate for a portion
of'a sensor FET region of the SOI substrate is bored until the
bore reaches an embedded insulation layer (as a MEMS
region), and a fold-shaped heater wiring is arranged in spaces
between a source electrode and a catalytic metal gate and
between a drain electrode and the catalytic metal gate (as a
heater region). In this manner, the heater region is smaller
than that of a heating structure of other heater arrangement for
heating the whole sensor FET region, and therefore, the ther-
mal discharge from the surface of the heater region into the
atmosphere gas can be reduced, and besides, the manufactur-
ing process can be simplified by arranging the catalytic metal
gate in the heater region.

Hereinafter, a region including the catalytic metal gate for
the sensor FET, the source electrode, the drain electrode, and
the heater region is referred to as “intrinsic FET region”.

Further, a structure (thermally-insulated/heat insulation
structure) in which heat of the heater region heated by the
heater wiring is not circumferentially released is achieved by
adopting a structure in which a region where the intrinsic FET
region does not overlap with the MEMS region is formed so
that thermal resistance of an insulating thin film for covering
this region is increased. Further, the sensor chip is arranged on
a heat insulation material having a high thermal resistance, a
lead-out wiring is arranged so that a thermal resistance of the
lead-out wiring extending to the mounting lead wire does not
increase an effect on electric resistance to the sensor FET or
the heater wiring, a thermal resistance of the mounting lead
wire is increased, so that a structure for insulating thermal
diffusion from the heater region to the mounting substrate
(stem base) is formed. In this manner, a sensor having such
low power consumption as 25 to 0.3 mW is achieved.

Further, in order to further increase the thermal resistance
of the insulating thin film for covering the formed region
where the intrinsic FET region does not overlap with the
MEMS region, some through-holes are formed in the insu-
lating thin film. In this manner, further power consumption
reduction is achieved.

Note that, if the MEMS region is too large, a mechanical
strength of the MEMS region is weakened, which results in
reduction of reliability for a long period. Accordingly, degra-
dation of the mechanical strength of the MEMS region can be
prevented by a reinforced region in which the insulating thin
film remains in the region where the intrinsic FET region does
not overlap with the MEMS region, and besides, by connect-
ing the intrinsic FET region to an outside of the MEMS region
by using the lead-out wiring of the heater wiring and the
lead-out wirings of the source electrode, drain electrode, and
the catalytic metal gate for the sensor FET.
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Further, the structure (thermally-insulated/heat insulation
structure) in which the heat of the heater region is not circum-
ferentially released is achieved by making a thermal resis-
tance of the region (hereinafter, referred to as “bridge
region”) where the intrinsic FET region is connected to the
outside of the MEMS region by using these lead-out wirings
to be equal to or lower than a thermal resistance of the insu-
lating thin film for covering the region where the intrinsic
FET region does not overlap with the MEMS region.

In the first embodiment, the shortest distance between the
intrinsic FET region and the MEMS region is formed 1 to 20
times the sum of the widths of all the bridge regions and the
widths of all the reinforced regions.

Hereinafter, a configuration condition and an operation
condition of the sensor chip for achieving the first means for
solving the first problem will be summarized.

Itis assumed that a thermal resistance of thermal flow from
the sensor chip via the heat insulation material to the mount-
ing substrate is represented as “R,,”, that total thermal resis-
tance of a thermal resistance from the heater region to a
plurality of pad electrodes which are formed on the sensor
chip connected to the mounting lead wires and thermal resis-
tances of a plurality of mounting lead wires is represented as
athermal resistance “R;”, and that a thermal resistance due to
the thermal discharge from the surface of the heater region
into the atmosphere gas is represented as “R ,”. And, when it
is assumed that the radius of the circle having the same area as
the surface area of the heater region is represented as “r ,”” and
that a thermal conductivity of air at the temperature of the
heater region is represented as “A”, the thermal resistance R ,
can be approximated by using a thermal resistance “1/
(4mh-r,)” from a circular heating body having the radius of r,.

Therefore, when it is assumed that a temperature difference
between the set temperature Ts of the heater region and the
environmentally-assumed lowest temperature Temin in the
installation of the hydrogen gas sensor is represented as
“ATmax(=Ts-Temin)” and that the heater maximum power
supplied to the heater wiring which is determined by the
electric resistance R(Ts) of the heater wiring at the set tem-
perature Ts and the used power source voltage Vdd is repre-
sented as “Powmax”, if the heater maximum power Powmax
is 25 mW or less, a required condition is to set the thermal
resistances R, and R, and the surface area of the heater region
s0 as to satisty the following Expression (1).

Powmax/ATmax>1/Rp+1/R;+4nhr Expression (1)

The environmentally-assumed lowest temperature Temin
in the installation of the hydrogen gas sensor is about -65° C.,
and the set temperature Ts of the heater region can be con-
sidered to be substantially the operation temperature of 115°
C. in the case of the Si-MISFET-type hydrogen gas sensor in
operation at the temperature of 115° C. which is a standard
chip temperature. Therefore, in this case, the temperature
difference ATmax becomes 180° C. (=Ts-Temin).

Further, the thermal capacity of the heater region can be
reduced by three digits or more by adopting such an MEMS
structure, and therefore, the arrival time t0 for an increase rate
or a decrease rate of a temperature can be reduced. Therefore,
the structure is suitable for the intermittent operation of the
heater wiring, and the duty ratio (t,/(t,+T,)) can be reduced
down to, for example, about 1/14 as described below, and
therefore, the power consumption can be effectively reduced
by one digit or more as compared with that in the continuous
operation. Practically, in the case of the hydrogen gas, the
duty ratio is in a range of 1/14 to 1.0.

The heater maximum power Powmax is determined by the
power source voltage Vdd (which is 3 V in the case of the
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hydrogen gas sensor operated by two lithium cells having a
current capacity of 2.6 Ah) and the electric resistance R(Ts) of
the heater wiring at the set temperature Ts. Practically, when
the electric resistance R(Ts) of the heater wiring is set to be
too large, the heater maximum power Powmax becomes too
small. When the temperature difference AT is set to be too
large by increasing the operation temperature of the hydrogen
gas sensor, there is no realistic combination of the thermal
resistances R, and R; and the surface area of the heater region
which satisfies the Expression (1). Therefore, in the case of
the hydrogen gas sensor, as reducing the heater maximum
power Powmax, it becomes significantly difficult to achieve
the structure having the temperature difference AT=150° C.
and the operation chip temperature of 115° C.

On the other hand, as increasing the heater power Pow, it is
necessarily easier to obtain the realistic combination of the
thermal resistances R, and R; and the surface area of the
heater region which satisfies the Expression (1). However, in
the case of the hydrogen gas sensor, the response speed is
required within 30 seconds, and therefore, the duty ratio is
limited. Therefore, the heater power Pow cannot be increased
needlessly, and an upper limit of the heater maximum power
Powmax becomes 25 mW as described below. In a case of a
Si-MISFET-type hydrogen gas sensor with a Pt—Ti—O gate
according to the first embodiment, a response speed close to
one second is shown in a region of a hydrogen concentration
from 1000 ppm to several percentages, and therefore, a lower
limit of the duty ratio can be down to about 1/14. Since an
upper limit of the power consumption in the continuous
operation which can guarantee the operation for one year by
using two lithium cells is 1.78 mW, the upper limit of the
power consumption which allows the operation for one year
by two lithium cells is about 25 mW from a relationship of
“25 mwx1/14=1.78 mW”. Therefore, the maximum power
consumption which can achieve both of the cell capacity and
the safety of the hydrogen gas detection is about 25 mW.

In an actual structure, there is a thermal resistance R,, of
thermal flow flowing in the bridge region for connecting the
intrinsic FET region and the outside of the MEMS region. As
decreasing the thermal resistance R,,, an effective heater
region is increased, so that the thermal resistance of
1/(4mwh-r ) is decreased, which results in unsatisfaction of the
Expression (1). That is, even if power is supplied to the heater
wiring, the chip temperature does not reach the set tempera-
ture. However, if the thermal resistance R, is set so that a
temperature difference between the intrinsic FET region and
an edge of the MEMS region or the pad electrode is about
50% of the temperature difference ATmax or higher, thermal
diffusion from the heater region to a surrounding thin film or
the substrate can be prevented.

Since a degree of freedom of a configuration to the thermal
resistances R, R;, and r, is high, the hydrogen gas sensor
which satisfies the Expression (1) can be achieved in the
region of 25 to 0.3 mW.

Incidentally, in order to reduce the power consumption
with fixing the temperature of the catalytic metal gate used for
the Si-MISFET-type hydrogen gas sensor at, for example,
115° C., it is required to reduce a cross-sectional area of the
heater wiring to increase the heater resistance. However,
when a density of a current flowing in the heater wiring is too
high, a problem such as disconnection arises for the reliabil-
ity, and therefore, the cross-sectional area of the heater wiring
cannot be reduced needlessly. Therefore, instead of a heater
wiring made of Al or Au having a low resistivity, WSi, W,
polysilicon (polycrystalline silicon), or others having a high
resistivity is used. In this manner, the cross-sectional area of
the heater wiring can be maintained to such an extent that the
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problem of the density of the current described above can be
avoided so that a length of the heater wiring can be further
reduced, and, as a result, the surface area of the heater region
is reduced, which results in further reduction in the power
consumption.

In the first embodiment, such a case that an n-channel-type
MISFET is applied to the sensor FET will be explained.
While the catalytic metal gate is used as the gate for the sensor
FET, the first embodiment exemplifies a gate having a
Pt—Ti—O structure formed by sequentially forming Ti (hav-
ing a thickness of 5 nm) and Pt (having a thickness of 15 nm)
on a gate insulation film by an electron beam deposition
method and a lift-off method, and then, performing an air
annealing treatment at a temperature of 400° C. for 2 hours.

The gate having the Pt—Ti—O structure according to the
first embodiment will be explained below.

The present inventor has found that a hydrogen gas sensor
having high hydrogen gas sensitivity can be obtained by
applying a heat treatment under air to a Si-MISFET having
the gate obtained by stacking a Ti film and a Pt film. The
thickness of the Pt film is, for example, 15 nm, the thickness
of the Ti film is, for example, 15 nm, the temperature of the
heat treatment is, for example, 400° C., and the time for the
heat treatment is, for example, 2 hours. An effect obtained by
this heat treatment can be understood as follows. That is, the
application of the heat treatment to the above-described Ti/Pt
stacked film generates a process in which Ti atoms travel
along a Pt crystal grain boundary and in a vicinity thereof to
reach a surface of the Pt film and a process in which O atoms
travel along the Pt crystal grain boundary and in the vicinity
thereof to enter into the Ti film. Therefore, the Ti film is
converted into a TiO layer (a layer to which high-concentra-
tion oxygen is doped and amorphous Ti, amorphous TiO, or
fine crystal TiO are mixed), and fine crystal grains having Pt
(111) orientation are embedded into the TiO_ layer during this
process. An embedding depth is different depending on indi-
vidual fine crystal grains having Pt (111) orientation, and
therefore, surface asperity occurs on an interface between the
Pt film and the TiO, layer. On the other hand, in the grain
boundary region between the Pt fine crystal grains through
which the Ti atoms and the O atoms have passed, a structure
having a Pt—Ti—O region to which high-concentration oxy-
gen is doped and which is made of Pt—Ti is formed. Here-
inafter, a catalytic metal gate having such a structure that the
Pt—Ti—O region is arranged is referred to as “Pt—Ti—O
gate”, and a MISFET having the Pt—Ti—O gate is referred to
as “Pt—Ti—O gate Si-MISFET”.

Next, a structure of the Pt—Ti—O gate Si-MISFET-type
hydrogen gas sensor according to the first embodiment to
which the structure condition and the operation condition of
the sensor chip for achieving the above-described first means
for solving the first problem will be explained in detail.

With reference to FIGS. 1 to 5B, the first means for solving
the first problem according to the first embodiment will be
explained. FIGS. 1 and 2 are a cross-sectional view of a
principal part of the sensor FET and a plan view of a principal
part of the sensor chip, respectively, FIGS. 3A and 3B are a
plan view of a partially-enlarged principal part of a bridge
region formed in a MEMS region and a cross-sectional view
of'the principal part taken along line A-A'in FIG. 3A, respec-
tively, FIGS. 4A, 4B, and 4C are a cross-sectional schematic
view of a hydrogen gas sensor on which the sensor chip is
mounted, a rear-surface schematic view of a stem base, and a
front-surface schematic view of the stem base, respectively,
and FIGS. 5A and 5B are a graph diagram for explaining
power consumption characteristics (Expression (1)) and a



US 9,228,973 B2

13

graph diagram for explaining power consumption character-
istics of a heater of the hydrogen gas sensor, respectively.

First, the sensor chip will be explained with reference to
FIGS. 1, 2, and 3A and 3B. FIG. 1 illustrates a principal part
of'a sensor FET, a heater wiring, a lead-out wiring, and others
formed on an SOI substrate. FIG. 2 illustrates the principal
part of the sensor chip, the heater wiring, the lead-out wiring,
a pad electrode, and others formed on the SOI substrate.

As illustrated in FIG. 1, an embedded insulation layer
(Si0, layer) 23, a channel layer (Si layer) 24, n*-Si layers 28S
and 28D, a gate insulation layer (SiO, film) 27, a gate elec-
trode made of Pt—Ti—O (Pt—Ti—O gate, catalytic metal
gate) 28, a source electrode 318, a drain electrode 31D, and
the like are formed on an Si substrate 22. A gate length of the
Pt—Ti—O gate 28 is, for example, 5 um, a gate width thereof
is, for example, 20 um. A thickness of the channel layer 24 is,
for example, 0.1 to 5 um, and a typical thickness thereof can
be exemplified as 0.2 pm. A thickness of the embedded insu-
lation layer 23 is in a range of, for example, 0.1 to 5 um, and
a typical thickness thereof can be exemplified as 3 pm. A
thickness ofthe Si substrate 22 is, for example, 200to 750 um,
and a typical thickness thereof can be exemplified as 500 pm.

Further, the thermal conductivity A of the Si crystal is
reduced by doping. Therefore, if the heat insulation is desired
as the first embodiment, a p-type Si substrate obtained by
doping high-concentration p-type impurities into the Si sub-
strate 22 is used. In this manner, the thermal conductivity A is
reduced down to about ¥4 of that of the Si crystal to which the
impurities are not doped, and therefore, the heat insulation
property is improved. In the first embodiment, a p-type Si
substrate obtained by adding B (boron) into the Si substrate
22 is used. However, a high-concentration SOI substrate can
also be used.

In the first embodiment, after the n*-Si layers 28S and 28D
are formed by an ion-implantation method, and are subjected
to thermal annealing treatment for activation, so that a local
oxidation film (SiO, film) 26 is formed by promotional oxi-
dation in this thermal annealing treatment. After the n*-Si
layers 28S and 28D are formed below the local oxidation film
26, the n*-Si layers 28S and 28D and the channel layer 24 in
a region are selectively removed, the region being except for
an intrinsic FET region 35 where the source electrode 318,
the drain electrode 31D, and the principal part of the
Pt—Ti—O gate 28 for the sensor FET are formed. An aim of
this is to efficiently thermally insulate the intrinsic FET
region 35 because, when the area of the channel layer 24 is
large, heat quantity heated by the heater wiring 32 and flown
into the intrinsic FET region 35 is easily circumferentially
released since the thermal conductivity of the channel layer
24 is about two digits higher than that of SiO,. For example,
the thermal conductivity A of the undoped monocrystalline Si
substrate is 148 W/(m-° C.), the thermal conductivity A of
Si0, is 1.4 W/(m-° C.), and the thermal conductivity A of
Si;N, is 25 W/(m-° C.). The thermal conductivity A of Si;N,
is changed by a manufacturing condition in a range of about
0.9 to 40 W/(m-° C.). However, the thermal conductivity of
the Si;N,, film can be designed by changing the film thickness
thereof.

As illustrated in FIGS. 1 and 2, a gate region 25 has a
rectangular shape surrounded by the local oxidation film 26
and a PSG (phosphorus-doped glass) protective film 29, and
the channel layer 24 is formed in the gate region 25 so as to
interpose a gate insulation film 27. The Pt—Ti—O gate 28 is
formed by sequentially forming a Ti film (having a thickness
of, for example, 5 nm) and a Pt film (having a thickness of, for
example, 15 nm) by an electron beam deposition method so as
to mount on an edge of the local oxidation film 26 by a lift-off
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method. At this time, an air annealing treatment is performed
at a temperature of 400° C. for 2 hours. A width of the
Pt—Ti—O gate 28 is designed so as to be larger than the gate
length by 3 um such as 8 um.

A PSG protective film 29 for gate protection is formed on
the n*-Si layers 28S and 28D and the local oxidation film 26
except for the gate region 25 by a thermal CVD (Chemical
Vapor Deposition) method. Further, on the PSG protective
film 29, a heater wiring 32 made of WSi is formed. A thick-
ness of the PSG protective film 29 is, for example, 300 nm. A
thickness of the heater wiring 32 is, for example, 300 nm, a
wire width thereof is, for example, 1 um, and a resistivity
thereof at a temperature of 115° C. is, for example, 300 pQm.
For example, the heater wiring 32 is formed between the
Pt—Ti—O gate 28 and the source electrode 318 in an accor-
dion-fold shape formed of four lines having a line interval of
1 um therebetween based on a length unit of 30 pum, and the
heater wiring 32 is similarly formed between the Pt—Ti—O
gate 28 and the drain electrode 31D. In this case, a total length
of the heater wiring 32 is about 250 pm. A resistance of the
heater wiring 32 is, for example, 1.5 kQ at the temperature of
115° C.

On the heater wiring 32, a PSG protective film 30 is formed
by a thermal CVD method. A thickness of the PSG protective
film 30 is, for example, 300 nm. Further, in the PSG protective
film 30, contact holes (having a size of, for example, 3 pm-
square) 44H and 44S for connection to the heater wiring 32
and a contact hole (having a size of, for example, 3 pm-
square) 44G for connection to the Pt—Ti—O gate 28 are
formed. In the PSG protective films 29 and 30, contact holes
37 for connection to the n*-Si layers 28S and 28D are formed.

Further, a lead-out wiring 20H connected to one end of the
heater wiring 32 via the contact hole 44H is formed, a lead-out
wiring 20S connected to the other end of the heater wiring 32
via the contact hole 448 is formed, and a lead-out wiring 20G
connected to the Pt—Ti—O gate 28 via the contact hole 44G
is formed. And, a source electrode 318 connected to the n*-Si
layer 28S and a lead-out wiring 20S in the same layer as the
source electrode 318 are formed, and a drain electrode 31D
connected to the n*-Si layer 28D and the a lead-out wiring
20D in the same layer as the drain electrode 31D are formed.
The lead-out wirings 20S, 20D, 20G, and 20H are made of Al
formed by, for example, a sputtering method, and each thick-
nesses thereof is, for example, 500 nm. The lead-out wiring
208 is electrically connected to the other end of the heater
wiring 32 via the contact hole 44S and to the source electrode
31S via the contact hole 37. The lead-out wirings 20S, 20D,
20G and 20H are connected to pad electrodes 40, 41, 42 and
43 formed in periphery of a sensor chip 458S, respectively.

Further, a final protective film 33 is formed on the lead-out
wirings 205, 20D, 20G and 20H, the source electrode 31S, the
drain electrode 31D, and others. This final protective film 33
is formed of, for example, a stacked film whose lower layer is
a PSG film and whose upper layer is a Si;N, film. The PSG
film of the lower layer is formed by, for example, a thermal
CVD method, and a thickness thereof is, for example, 200
nm. The Si;N, film of the upper layer is formed by, for
example, a low-temperature plasma CVD method, and a
thickness thereof is, for example, 1 um.

The Si substrate 22 is bored so that the boring reaches the
embedded insulation layer 23 in a MEMS region 34 (a planar
dimension is, for example, 200 umx200 um) where a heater
region 10 (a planar dimension is, for example, 30 pmx24 um)
and the intrinsic FET region 35 (a planar dimension is, for
example, 44ux44 um) are arranged, the heat region where the
principal part of the heater wiring 32 is formed and the intrin-
sic FET region where the source electrode 31S, the drain
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electrode 31D, and the principal part of the Pt—Ti—O gate
28 for the sensor FET are formed. This structure is formed by
a combination method of anisotropic dry etching and wet
etching with using KOH solution. A threshold voltage of the
sensor FET is designed to, for example, 1 V. The threshold
voltage of the sensor FET is defined by a gate voltage Vg
which provides a source-drain current Ids=5 pA in a range of
a drain voltage Vds=1.5t0 3 V.

Next, a structure in which the heat from the heater region
10 according to the first embodiment is adiabatically confined
in the MEMS region 34 will be explained.

In the case of the hydrogen gas sensor, operation at a
temperature of 100 to 150° C. is desired. When the set tem-
perature (normal operation temperature) Ts of the heater
region 10 is set to 115° C. in consideration of margin, it is
required to increase a calorific value (heater power Pow)
generated by the heating of the hydrogen gas sensor as
decreasing the environmental temperature Te at which the
hydrogen gas sensor is installed. The channel layer 24 and the
n*-Silayers 28S and 28D made of Si which is excellent in the
thermal conductivity exist below the heater wiring 32 of the
intrinsic FET region 35, so that an effect of improving uni-
formity of the temperature of the heat generation from the
heater wiring 32 can be obtained.

In the first embodiment, the heater regions 10 are arranged
s0 as to interpose the Pt—Ti—O gate 28 therebetween, and
the arrangement is extremely small, and therefore, it can be
considered that the temperature of the heater region 10 and
the temperature of the Pt—Ti—O gate 28 are almost equal to
each other. In consideration of the thermal diffusion from the
heater region 10 to the environment where the hydrogen gas
sensor is installed, when it is assumed that a thermal resis-
tance between them is represented as “Rth”, a temperature
difference AT(=T-Te) determined by the temperature T of the
heater region with the environmental temperature Te and the
heater power Pow is expressed as the following Expression

Q).

AT=Rth xPow Expression (2)

When -35° is assumed for the environmental temperature
Te as the lowest temperature of the environment in the aver-
age installation, the temperature difference AT is 150° C. at
the operation temperature of 115° C. In the first embodiment,
the heater resistance at the operation temperature of 115° C. is
1.5k€. In consideration of the cell operation at 3 V, the heater
maximum power Powmax is 6 mW and the temperature dif-
ference ATmax is 180° C.

Generally, the largest temperature difference AT is about
150° C., and the heater power Pow is 5 mW in the case of the
continuous current conduction. In consideration of heater
control for the intermittent operation, the continuous opera-
tion for one year or longer can be achieved by using two
lithium cells. The thermal capacity of the MEMS region 34
becomes about 1/10,000 of the thermal capacity (about 270
uW second/® C.) of the Si-MISFET-type hydrogen gas sensor
having the 2-mm-square sensor chip (the thickness of the Si
substrate is 0.4 mm) described above in, for example, the
Non-Patent Document 2, and, when the chip temperature is
increased in the supplied power of 5 mW from the environ-
mental temperature Te to the 150° C., the arrival time t0 can
be extremely shortened to about 2.0 ms. Therefore, by the
intermittent operation that the heater wiring 32 is turned on (is
heated) for 6 seconds and the heater wiring 32 is turned off (is
stopped to be heated) for 24 seconds, the duty ratio can be
taken as 1/5, so that the effective power consumption of the
hydrogen gas sensor can be reduced down to 1 mW without
reducing the reliability of the detection performance of the
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hydrogen gas sensor. In this manner, the operation for about
one year can be achieved by using two lithium cells having a
voltage of 3 V.

Further, each of the lead-out wirings 20S, 20D, 20G and
20H is formed of an Al film, and a thermal conductivity A of
the Al film is 237 W/(m-° C.) as metal. However, when the
film is thin, it is reduced down to 180 W/(m-° C.). A thermal
conductivity of the WSi film is about 90 W/(m-° C.), and both
the films become main thermal flow channels from the heater
region 10. Therefore, such devisal as explained below is
required.

In the first embodiment, in order to thermally insulate the
heat generation in the heater region 10 in a better manner, a
structure in which the sensor chip 45 is occupied by air which
has extremely-excellent heat insulation characteristics is
adopted, the structure being achieved by partially removing
the PSG protective films 29 and 30 and the protective film 33
in the region where the intrinsic FET region 35 does not
overlap with the MEMS region 34, and besides, arranging the
plurality of through-holes 36 penetrating through the embed-
ded insulation layer 23. A relative distance between the intrin-
sic FET region 35 and the MEMS region 34 is 78 um, air
exists below the MEMS region 34, and a thermal conductivity
A of the air at the temperature of 115° C. is extremely low as
0.03227 W/(m-° C.), and therefore, the thermal insulation
characteristics of this structure are excellent. However, if the
through-holes 36 are formed too large, the mechanical
strength of the MEMS region 34 is degraded. Meanwhile,
although the protective film 33 formed of the Si;N, film is
required to protect the heater wiring 32 and the lead-out
wirings 20S, 20D, 20G and 20H, it has the thermal conduc-
tivity which is about one digit higher than that of SiO,, and
therefore, when the power consumption is lowered, the heat
insulation characteristics of the bridge region where the lead-
out wirings 20S, 20D, 20G and 20H are formed are not
ignorable.

In consideration of these points, a method of achieving the
heat insulation will be explained with reference to a plan view
and a cross-sectional view illustrated in FIGS. 3A and 3B,
respectively. FIG. 3A is an enlarged view of a peripheral
portion of the bridge region 90 in FIG. 2. A length of the
bridge region 90 is, for example, 78 um. A wire width of a
lead-out wiring 207 of the bridge region 90 is, for example, 2
um, a wire width of a protective film 33S is, for example, 3
um, a wire width of a stacked film 93 of the PSG protective
films 29 and 30 is, for example, 6 um. Further, in a peripheral
portion of the intrinsic FET region 35, a relative distance
between a lead-out wiring 20ZS and a protective film 33SS is,
for example, 3 um, and a relative distance between the pro-
tective film 33S and the stacked film 93SS of the PSG pro-
tective films 29 and 30 is, for example, 3 pm. This structure is
the same even in a bridge region 90G of the lead-out wiring
20G connected to the Pt—Ti—O gate 28, a bridge region 90H
of'the lead-out wiring 20H connected to one end of the heater
wiring 32, and a bridge region 90S connected to the lead-out
wiring 20S connected to the source electrode 31S and the
other end of the heating wire 32. In order to reinforce the
MEMS region 34, a width of a reinforced region 91 where the
stacked layer of the PSG protective films 29 and 30 is formed
is also, for example, 6 um. When a distance between an edge
of'the MEMS region where the through-hole 36 is formed and
an edge of the FET region is defined as a length of the bridge
region 90, it is 78 um in the first embodiment which is the
closest distance between the edge of the intrinsic FET region
and the edge of the MEMS region, and therefore, it is about
2.2 times the sum of the widths of all the bridge regions 90,
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908, 90G and 90H and the widths of all the reinforced regions
91 which is 36 um (6 pmx6 lines), and it is usually formed 1
to 20 times the sum.

In the bridge regions 90, 90S, 90G, and 90H, when it is
assumed that the thickness of the Si;N, film forming the
protective film 33 is, for example, 1 pm and that the PSG is
Si0O,, the thickness of the protective films 29 and 30 is 3.8 um
in conversion to Si0,. In consideration of 1.4 W/(m-° C.) as
the thermal conductivity of SiO,, 25 W/(m-° C.) as the ther-
mal conductivity of Si;N,, 180 W/(m-° C.) as the thermal
conductivity of the Al thin film, and 90 W/(m-° C.) as the
thermal conductivity of the WSi thin film, the thermal resis-
tance of the bridge region 90 is 9.1x10*° C./W in three bridge
portions related to the lead-out wirings 20S, 20D, and 20G, it
is 39.65x10™* C./W in one bridge portion related to the lead-
out wiring 20H, and it is 12.22x10* C./W in two bridge
portions related to the reinforced regions 91. These three
thermal resistances are connected in parallel, so that a thermal
resistance R, , from the heater region 10 to the MEMS region
becomes 4.61x10*° C./W. In this case, thermal conduction
due to the through-holes 36 is ignorable.

Further, it is estimated from the thermal conductivity of air
which is 0.03227 W/(m-° C.) that a thermal resistance of a
heat insulation material (whose reference symbol is 50 in
FIG. 4A described later) from the MEMS region 34 through
the bored region in the MEMS region 34 to the front surface
is 7.75x10° ° C/W, the heat insulation material being sand-
wiched between the sensor chip and the stem base. However,
it is one or more digit higher than the thermal resistance R, ,of
the heater region 10, and therefore, is ignorable. That is, when
the power of 5 mW is supplied to the heater region 10, the
temperature difference between the bridge region and the
heater region 10 becomes 230.5° C.(=4.61x10% C/Wx5
mW), and therefore, a sufficient heat-insulation effect can be
expected.

On the other hand, since the thermal conductivity of the
Si; N, film forming the protective film 33 is one or more digit
larger than that of SiO,, the Si;N, film is removed while
remaining on the region where the intrinsic FET region 35
and the lead-out wirings 20S, 20D, 20G, and 20H are formed
and the peripheral region of the above-described bridge
region. A portion of the lead-out wirings 20S, 20D, 20G, and
20H illustrated by hatching maintains the small influence of
the electric resistances of the lead-out wirings on the sensor
FET, so that the thermal resistance is increased. Therefore, for
example, it is designed by taking a zigzag structure (which is
omitted in FIG. 2) or others having a width thereof is, for
example, 10 um, and a length thereof'is, for example, 700 pm.
At this time, the thermal resistance of all the lead-out wirings
is about 1.94x10°° C./W. However, except in the MEMS
region 34, the thermal conduction occurs through the Si sub-
strate 22 having the high thermal conductivity, and therefore,
contribution to the thermal resistance R; is small in the
MEMS system.

Next, a structure in which the heat from the heater region
10 according to the first embodiment is thermally insulated
from the mounting substrate by the heat insulation material of
the sensor chip will be explained. FIGS. 4A, 4B, and 4C are
views for explaining a basic configuration of a hydrogen gas
sensor obtained by mounting the sensor chip according to the
first embodiment on a stem including four lead terminals.
FIGS. 4A, 4B, and 4C are a cross-sectional view of the hydro-
gen gas sensor on which the sensor chip is mounted, a bottom-
surface view of a stem base when the hydrogen gas sensor is
viewed from a rear surface thereof, and a top-surface view of
the stem base on which the sensor chip is mounted, respec-
tively. Since the mounting illustrated in the first embodiment
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is a simple explosion-proof mounting, it is desired that the
mounting portion is constructed by using commercialized
products.

The mounting illustrated in the first embodiment is swaged
from an inside thereof by, for example, using PEEK material
(polyether ether ketone material) 57 having a thickness of 3
mm. A Kovar-manufactured cap 56 and a flange 54 of the
stem base are welded by a resistance welding method. As a
water-proof permeable material 58 used in the hydrogen gas
sensor according to first embodiment, a GORE-TEX (Regis-
tered Trademark) film is used, the GORE-TEX film being
manufactured by composing a stretched film of polytetrafluo-
roethylene which is a typical fluorine resin with a polyure-
thane polymer. The water-proof permeable material 58 has a
feature that moisture is passed through but water is not passed
through (having both of the water-proof property and the
permeable property). In the example of the GORE-TEX film,
the film contains 14 hundred million fine holes per 1 cm®. As
a diameter of an intake hole 60, a range of about 0.5 to 2 mm
is used. However, significant change of the hydrogen
response has not been found. Although performances in
ranges of 1 to 3 um and 0.3 to 1 mm for the hole diameter and
a thickness of the water-proof permeable material 58 have
been compared, respectively, significant change has not been
observed.

As the heat insulation material 50 formed on the 4-pin
Kovar-manufactured stem base 51 (an inner diameter of the
base is 4.22 ¢), a foamed glass (whose thermal conductivity is
0.061 W/(m-° C.)) is used. This is worked in, for example, a
rectangular parallelepiped shape having a planar dimension
01'0.6 mmx0.6 mm and a height of 3 mm, and is bonded to the
stem base 51. A thickness of the sensor chip 9 is, for example,
500 um, and a planar dimension of the sensor chip 9 is, for
example, 0.55 mmx0.55 mm. A height of a cap 56 is, for
example, 12 mm, and a diameter of the intake hole 60 is, for
example, 1.5 mm. A hole diameter of the water-proof perme-
able material 58 is, for example, 1.0 um, and a thickness
thereofis, for example, 0.3 mm. In the stem base 51, four lead
terminals 55 penetrating through the stem base 51 and pro-
truding outside the front surface and the rear surface of the
stem base 51 are provided. The lead terminals 55 are fixed to
the stem base 51 by a glass material 61 provided in an outer
circumference of the lead terminals 55. In FIG. 4A, a dimen-
sion denoted by a reference symbol 59 is a cap size.

A lead wire (wire bonding) 8 is a gold wire, and a diameter
thereof is, for example, 8 to 25 pm, and an overall length
thereof is 3 to 12 mm. Typically, for example, a lead wire
made of a gold wire having a diameter of 8 u¢ and a length of
6 mm is used, and the above-described four pad electrodes 40,
41, 42, and 43 illustrated in FIG. 2 and the four lead terminals
55 are connected by the respective lead wires 8. A total
thermal resistance R, of these four lead wires 8 is, for
example, about 9.41x10%* C/W. In this case, the thermal
resistance does not contain the thermal resistances from the
heater region 10 to the pad electrodes 40, 41, 42, and 43, and
therefore, it is considered that 9.41x10* C/W is the mini-
mum value of the thermal resistance R;. Further, a thermal
resistance R, of the heat insulation material 50 is 1.36x10°
W/e C.

Since an area of the heater region 10 is, for example, 30
umx24 pm, a radius r, of a circle of this area is 15.1 pum, so
that “4mhr,” is expressed as 0.613x107°° C./W by using the
thermal conductivity A (0.03227 W/ (m-° C.)) of air at the
temperature of 115° C.

Next, a physical meaning of the above-described expres-
sions (1) and (2) will be explained with reference to FIG. SA.
FIG. 5A is a graph diagram for explaining a relationship
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between the heater power Pow supplied to the heater wiring
and the temperature difference AT(=T-Te) between the
operation temperature T of the hydrogen gas sensor and the
environmental temperature Te at which the hydrogen gas
sensor is installed. The heater maximum power supplied to
the heater wiring and determined by the electric resistance
R(Ts) of the heater wiring at the set temperature Ts and the
used power source voltage Vdd is represented as “Powmax”.

In the case of the first embodiment, Ts=115° C.,R(TS)=1.5
k€, and Vdd=3V, so that the heater maximum power Powmax
is 6 mW. Meanwhile, Temin=—65° C. and Ts=115° C., so that
the temperature difference ATmax(=Ts—Temin) between the
set temperature Ts of the heater region and the environmen-
tally-assumed lowest temperature Temin at which the hydro-
gen gas sensor is installed is 180° C. A relationship between
the temperature difference AT and the heater power Pow
whose slope is “the thermal resistance ATmax/Powmax” is
illustrated by a dotted straight line in FIG. SA.

A relationship between the temperature difference AT of
the hydrogen gas sensor and the heater power Pow according
to the first embodiment is illustrated by a solid straight line in
FIG. 5A. A thermal resistance Rth is higher than the thermal
resistance ATmax/Powmax, and satisfies the following rela-
tionship.

Rth>ATmax/Powmax Expression (3)

In this case, the relationship indicates that the hydrogen gas
sensor can be necessarily operated by the power consumption
of the heater maximum power Powmax or lower within a
range of the temperature difference ATmax=180° C. at the
lowest environmental temperature —65° C. to the temperature
difference AT=45° C. at the highest environmental tempera-
ture 70° C. as an assumed external environmental tempera-
ture. It is found that, in a case of 25° C. (a case of the
temperature difference AT=90° C.) which is a normal envi-
ronmental temperature, the power consumption can be %2 of
that in the case of the temperature difference ATmax=180°
C., and only the power consumption of 3 mW is required even
in “Rth=ATmax/Powmax” which is the lowest thermal resis-
tance.

That is, when the expression (3) is satisfied, FIG. 5A illus-
trates that a temperature difference AT within a desired range
can be necessarily achieved by the power consumption of the
heater maximum power Powmax or lower. A required condi-
tion for satistying the expression (3) is the above-described
expression (1), and all elements in a right hand side of the
expression (1) are measurable amounts, and elements in a left
hand side thereof are amounts determined from an operation
specification of the hydrogen gas sensor.

In the case of the operation at the sensor temperature of
115° C. which is the condition used in the first embodiment,
the heater power Pow (150) corresponding to the temperature
difference AT=150° C. is 5 mW in the first embodiment, the
temperature difference AT being determined from the ther-
mal resistance ATmax/Powmax in the range between the
temperature difference ATmax=180° C. at the lowest envi-
ronmental temperature of —65° C. and the temperature differ-
ence AT=45° C. at the highest environmental temperature of
70° C.

As described above, in the hydrogen gas sensor illustrated
in the first embodiment, 1/R,=0.735x107 W/° C.,
1/R,=1.063x10~> W/° C., and 4mhr,=0.613x107> W/° C.,
and therefore, Powmax/ATmax in the left hand side of the
Expression (1) is 3.333x10™> W/° C., which satisfies the
Expression (1).

FIG. 5B illustrates a graph diagram for explaining a rela-
tionship between the resistance of the heater wiring and the
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power consumption in a case that the hydrogen gas sensor
mounted in such a manner is operated at the temperature of
115° C. under the environment at the external temperature of
-35° C. so that current is carried through the heater wiring.
When current of 1.83 mA is carried through, the resistance of
the heater wiring is 1.5k€Q, and a temperature of a gate region
is 115° C. A voltage applied to the lead-out wires (the pad
electrode 41 and the pad electrode 42) for the heater wiring is
about 2.74 V, and a power consumption is 5 mW.

Next, the means for solving the second problem will be
explained.

The means for solving the second problem according to the
first embodiment will be explained with reference to FIGS.
6A to 7B. FIGS. 6A and 6B are a graph diagram for explain-
ing controllability of a threshold voltage and a graph diagram
for explaining time responses of hydrogen response outputs
(a graph diagram for explaining time responses of hydrogen
response outputs “before and after air annealing treatment at
a temperature of 400° C. for 2 hours” and time response of
hydrogen gas output “after air annealing treatment at a tem-
perature of 400° C. for 2 hours+hydrogen annealing treatment
at a temperature of 115° C. for 10 minutes with 0.1% air-
diluted hydrogen), respectively. FIGS. 7A and 7B are a wafer
in-plane distribution diagram of a threshold voltage for
explaining the wafer in-plane distribution and repeatability of
the threshold voltage, and a diagram for explaining a wafer
in-plane distribution of the hydrogen response output, respec-
tively. In experiments for obtaining measurement results
illustrated in FIGS. 6A and 6B, the threshold voltage Vthis a
gate voltage Vg obtained when the hydrogen response is
measured, and it is defined that the gate voltage Vg at which
the source-drain current Ids shows 10 pA in the source-drain
voltage Vds of 1.5V is the threshold voltage Vth.

In the Pt—Ti—O gate Si-MISFET-type hydrogen gas sen-
sor according to the first embodiment, the improvement of the
uniformity and the repeatability of the threshold voltage of
the Pt—Ti—O gate Si-MISFET-type hydrogen gas sensor
has not been studied yet. In order to expand a design margin
of'an interface circuit for taking out a hydrogen gas response
signal ofthe sensor MISFET, it is required to reduce a residual
response intensity generated after the hydrogen gas irradia-
tion is turned off so as to improve the controllability (the
uniformity and the repeatability) of the threshold voltage in
the Pt—Ti—O gate Si-MISFET.

For the second problem, the residual response intensity
generated after the hydrogen gas irradiation to the Si-MIS-
FET equipped with the gate having the PT-Ti—O structure is
stopped, so that the controllability (the uniformity and the
repeatability) of the threshold voltage Vith is improved.

That is, when the hydrogen gas irradiation to the
Pt—Ti—O gate Si-MISFET is stopped, a residual hydrogen-
gas response intensity AVgres having a very long time con-
stant is frequently generated. This residual hydrogen-gas
response intensity AVgres is undesirable for the hydrogen gas
detection, and is desirable to be very smaller than the hydro-
gen-gas response intensity Avg. From the studies made by the
present inventor, it has been found that this phenomenon
results from a matter that a deep trap level which increases a
speed of adsorption of hydrogen atoms but decreases a speed
of desorption of the hydrogen atoms is generated in an oxy-
gen-doped Tilayer. Further, it has been found that the residual
hydrogen-gas response intensity AVgres is reduced down to
be very small by hydrogen termination for this deep hydrogen
trap level, and besides, the controllability (the uniformity and
the repeatability) of the threshold voltage Vth can be signifi-
cantly improved. That is, by this hydrogen termination pro-
cess, hydrogen molecules are dissociated on a surface of the
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Pt—Ti—O gate, and the hydrogen termination for the deep
hydrogen trap in the above-described oxygen-doped Ti layer
is performed through a diffusion step (hydrogen diffusion
through the vicinity of Pt grain boundaries), so that the thresh-
old voltage Vth can be stabilized, and besides, the uniformity
and the repeatability of the hydrogen-gas response intensity
Avg can be significantly improved. This hydrogen termina-
tion process has a feature that the process advances in a
direction of the reduction in the threshold voltage Vth (a
reverse direction of the threshold voltage Vth in the conven-
tional hydrogen gas irradiation).

The present inventor has found that, when Pd is formed on
the gate insulation film by a sputtering method, sputter dam-
age occurs in the gate insulation film, and the threshold volt-
age Vth fluctuates in arange of about 2 V. And, itis considered
that the effect obtained by the hydrogen process in the above-
described Non-Patent Document 5 also results from the sput-
ter damage. The Non-Patent Document 5 is different in that
positive and negative of the result values are turned into a
reverse direction of the results of the change of the threshold
voltage Vth of the PT-Ti—O gate Si-MISFET according to
the first embodiment. Further, this Non-Patent Document 2 is
for not the improvement of the hydrogen gas response inten-
sity but the improvement of the response speed (improvement
from 50 hours to 55 seconds), and is different in that the
response speed of 55 seconds for the 1% air-diluted hydrogen
gas is provided even after the hydrogen annealing treatment,
which is extremely slower than the response speed of about 1
second of the PT-Ti—O gate Si-MISFET-type hydrogen gas
sensor according to the first embodiment under the same
condition. In consideration of these two different points, it is
considered that they are different in the effect of the hydrogen
process which is different in a mechanism thereof.

Next, a method of improving the uniformity and the repeat-
ability of the threshold voltage Vth of the sensor FET which
is the second problem according to the first embodiment, and
an effect obtained by the method will be specifically
explained. Note that, here, the uniformity of the threshold
voltage Vth means wafer in-plane uniformity caused when a
sensor chip is manufactured.

During a step of manufacturing a plurality of sensor chips
in a wafer state or after the manufacturing, when the air
annealing treatment has been performed to the wafer at the
temperature of 400° C. for 2 hours, 0.4 V has remained in both
of the responses for the 0.1% air-diluted hydrogen gas as a
very long residual hydrogen gas response intensity AVgres
after the hydrogen gas irradiation is stopped, and variation in
the threshold voltage Vth among wafers has been large, which
has been about 0.3 V even in the wafer in-plane distribution.

Accordingly, the present inventor has made the following
experiment. Five chips have been taken out from 5 points
(upper, middle, lower, left, and right points) inside a 5-inch
wafer whose sample number is #4, one chip has been taken
out from one point inside a wafer whose sample number is
#11, these chips have been subjected to the air annealing
treatment at the temperature of 400° C. for 2 hours, and they
have been left until their temperature return to a room tem-
perature. And then, the sensor chips have been heated to a
temperature of 115° C., and the 0.1% air-diluted hydrogen
gas has been irradiated thereto for 2 minutes (hereinafter,
which is referred to as “two-minute hydrogen annealing treat-
ment”). The threshold voltages Vth of the sensor chips have
been measured before this two-minute hydrogen annealing
treatment, and besides, the threshold voltages Vth thereof
have been measured after repeating this two-minute hydrogen
annealing treatment.
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FIG. 6A illustrates a graph diagram for explaining mea-
surement result of the threshold voltages Vth obtained in the
repeat of the two-minute hydrogen annealing treatment. A
vertical axis thereof indicates the threshold voltages Vth, and
a horizontal axis thereof indicates the number of times of the
two-minute hydrogen annealing treatment. For the measure-
ment of data illustrated in FIG. 6 A, a sensor FET having a gate
length of 20 um and a gate width of 300 um is used. The
number of times of measurement of 1 in FIG. 6A illustrates
the threshold voltages Vth obtained by performing the air
annealing treatment at the temperature of 400° C. for 2 hours,
leaving the chips until the temperatures thereof return to the
room temperature, and then, measuring them before the two-
minute hydrogen annealing treatment. From this experiment
result, it is found that the threshold voltages converge with a
fixed value by repeating the two-minute hydrogen annealing
treatment.

Further, the value of the residual hydrogen gas response
intensity AVgres is reduced down to be a very small value of
about 0.05 V so as to be associated with the convergence.
Accordingly, in order to reduce the residual hydrogen gas
response intensity AVgres after the air annealing treatment at
the temperature of 400° C. for 2 hours and reduce the varia-
tion in the threshold voltages Vth for the sensor FET, a treat-
ment of heating the sensor chips to the temperature of 115° C.
and irradiating the 0.1% air-diluted hydrogen gas for 10 min-
utes (hereinafter, referred to as “normal post hydrogen
annealing treatment”) is performed.

FIG. 6B illustrates a graph diagram for explaining time
response characteristics of the sensor FET for 1000-ppm
air-diluted hydrogen in a wafer whose sample number is #24.
The characteristics of the sample obtained before the air
annealing treatment at the temperature of 400° C. for 2 hours
are indicated by a small white circle, the characteristics of the
sample obtained after the air annealing treatment at the tem-
perature of 400° C. for 2 hours are indicated by a white
square, and the characteristics of the sample obtained by the
air annealing treatment at the temperature of 400° C. for 2
hours, and then, performing the treatment of heating the
sample to 115° C. and irradiating the 0.1% air-diluted hydro-
gen gas to the sample for 10 minutes (which is the normal post
hydrogen annealing treatment) are indicated by a large white
circle. It is found that the value of the residual hydrogen gas
response intensity AVgres is reduced down to about 0.05V by
the normal post hydrogen annealing treatment. The wafer
in-plane uniformity of the threshold voltages Vth is signifi-
cantly improved by such a normal post hydrogen annealing
treatment.

As a specific example, FI1G. 7A illustrates a graph diagram
for explaining the wafer in-plane distribution and the repeat-
ability of the threshold voltages Vth. Here, it illustrates the
wafer in-plane distributions of the threshold voltages Vth
obtained after performing the normal post hydrogen anneal-
ing treatment to wafers whose sample numbers are #2 and #3.
Regarding the wafer of #2, when a standard deviation of the
dispersion of the threshold voltages Vth based on “the thresh-
old voltage Vth=1.08 V" is represented as “0”, a relationship
of “30=178 mV” is obtained so that the dispersion is very
small, and therefore, the wafer is suitable for designing an
interface circuit for taking out a sensor signal. Further, the
variation in the threshold voltages Vth is reduced down to
about half. The threshold voltages Vth of the wafer of #3 has
also this relationship within the range of “30=178 mV”’, and
therefore, the repeatability among the wafers is also
improved.

FIG. 7B illustrates the wafer in-plane distribution of the
hydrogen gas response intensities Avg of the sensor FET for
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the 1000-ppm air-diluted hydrogen. It is found that the hydro-
gen gas response intensities AVg also show excellent unifor-
mity.

Note that the first embodiment describes the case that the
hydrogen annealing treatment is performed at the tempera-
ture of 115° C. However, the anneal temperature is not limited
to this temperature. While the diluted hydrogen gas is irradi-
ated at an anneal temperature in a range of 80 to 300° C.
depending on other conditions, a similar effect can be
obtained.

Next, the means for solving the third problem will be
explained.

As described above, in the catalytic-combustion-type
hydrogen gas sensor, the sensor function and the heater func-
tion can be achieved by the same Pt wire. Therefore, by
forming a temperature compensation element, the tempera-
ture of the sensor chip can be maintained constant even if the
environmental temperature at which the hydrogen gas sensor
is installed changes in a wide range from a low temperature of
-50° C. to a high temperature of 70° C., and therefore, power
supplied to the heater can be controlled. However, in the
MISFE-type hydrogen gas sensor, it is difficult to use the
MISFET itself as the heater, and therefore, it is difficult to use
the MISFET as the temperature compensation element. Even
if it is possible, the formation of the temperature compensa-
tion element is one of factors which prevent downsizing of the
hydrogen gas sensor.

For the third problem, in order to maintain the temperature
of the sensor chip at the set temperature when the environ-
mental temperature at which the hydrogen gas sensor is
installed changes in the wide range from the low temperature
of about -50° C. to the high temperature of about 70° C., a
method of controlling a consumption amount of the power
consumption supplied to the heater wiring in response to the
change of the environmental temperature at which the hydro-
gen gas sensor is installed is proposed instead of the method
with the temperature compensation element.

The method of controlling the consumption amount of the
power consumption supplied to the heater wiring in response
to the change in the environmental temperature at which the
sensor is installed will be explained with reference to FIGS.
8A and 8B. FIGS. 8A and 8B are a diagram of a control circuit
and a graph diagram for explaining an operation (current-
voltage characteristics) of the control circuit. FIG. 8A illus-
trates a heater resistor 82, a sensor FET 80, a power source
voltage Vdd, and an enhancement-type control FET 81,
which configure the hydrogen gas sensor according to the first
embodiment.

As illustrated in FIG. 8A, the heater resistor 82 is con-
nected to a source electrode of the control FET 81, and a drain
electrode of the control FET 81 is connected to the power
source voltage Vdd in series. If it is required to monitor a
current or a voltage from the connection portion, a monitor
terminal is connected. A source electrode of the sensor FET
80 is connected to a ground voltage, and a drain electrode
thereof is connected to the power source voltage Vdd. A
voltage is applied to a gate terminal 84 of the sensor FET 80
by a linear circuit such as an operational amplifier so that a
source-drain current of the sensor FET 80 is at a constant
value (a value by which the threshold voltage Vth is achieved)
for change of the source-drain current depending on pres-
ence/absence of the hydrogen gas. Further, in the first
embodiment, a current flowing through the heater resistor 82
is controlled by applying a voltage to a gate terminal 83 of the
control FET 81 from an outside. Normally, a microcomputer
is used for this control. A reason why the enhancement-type
(normally-off-type) control FET is used as the control FET 81
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is that, when a gate voltage Vg of the gate terminal 83 is 0V,
the control FET 81 is not turned on so as to have a high
resistance, and a current does not practically flow through the
heater resistor 82, which results in the power consumption of
almost zero. In the first embodiment, the explanation is made
with the n-channel type MISFET.

A resistance of the heater resistor 82 is R(Ts) at the sensor
temperature of 115° C. That is, in consideration of the current
“I”-voltage “V” characteristics of the heater resistor 82, a
relationship of “I=V/R(Ts)” is obtained. As illustrated in F1G.
8B, by changing the gate voltage of the control FET 81 so that
a straight line in the drawing is maintained constant, that is, a
slope of the straight line is maintained constant, the current
flowing through the heater resistor 82 can be controlled
depending on the change of the temperature difference AT
(change of the environmental temperature). In this manner,
the operation temperature of 115° C. can be maintained con-
stant by changing the power consumption. An intersection of
the I-V characteristics of the control FET 81 with the rela-
tionship of “I=V/R(Ts)” indicates the actual current flowing
through the heater resistor 82 and the actual voltage applied
thereto. In FIG. 8B, a voltage obtained when the temperature
difference AT is 150° C. is represented as “V(150)”, and a
voltage obtained when the temperature difference AT is 90°
C.isrepresented as “V(90)”. The changing of the gate voltage
Vg applied to the control FET 81 can support a desired tem-
perature difference AT. Practically, it is only required to
monitor the current flowing through the heater resistor 82 or
the voltage applied thereto, and therefore, feedback can be
performed by measuring the resistance.

As described above, according to the first embodiment,
when the temperature of the gate is set to 115° C. at the
environmental temperature of -35° C., the temperature dif-
ference AT is 150° C., which results in relationships of
“V(150)=2.74 V”” and “I(AT=150° C.)=1.83 mA”. When the
current is continuously supplied to the heater wiring, even if
the power consumption of 5 mW is required, the power con-
sumption of 1.0 mW is achieved with the duty ratio of 1/5 (the
heating for 6 seconds and the heating stop for 24 seconds), so
that the operation for 1 year or longer can be achieved by a
3V-series cell.

As the method of achieving the structure that the region
where the intrinsic FET region 35 does not overlap with the
MEMS region 34 is formed to increase the thermal resistance
of the insulation thin film covering the region, the first
embodiment has described in detail the case that some
through-holes 36 are formed in the insulation thin film in
order to further increase the thermal resistance of the insula-
tion thin film covering the region where the intrinsic FET
region 35 does not overlap with the MEMS region 34. How-
ever, if the through-holes 36 are too large, the mechanical
strength of the MEMS region 34 is deteriorated, and there-
fore, such a structure that the Si;N, film forming the protec-
tive film 33 on the region where the intrinsic FET region 35
does not overlap with the MEMS region 34 is removed is
effective because the thermal conductivity of the Si;N, film
forming the protective film 33 is one digit larger than the
thermal conductivity of the SiO, film. In this case, in the
bridge regions 90, 90S, 90G, and 90H, the Si;N,, film remains
as the protective film as illustrated in FIGS. 3A and 3B.

In this case, while the reinforced region 91 is not provided,
the closest distance between the edge of the intrinsic FET
region 35 and the edge of the MEMS region 34 is formed so
as to be 1 to 20 times the sum of widths of all the bridge
regions. In the first embodiment, for example, by expanding
the planar dimension of the MEMS region 34 to, for example,
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about 300 umx300 um, the power consumption characteris-
tics similarly to that of the first embodiment can be achieved.

Note that, in the first embodiment, the lead-out wirings
208, 20D, 20G, and 20H are made of the Al film. However, by
forming them made of, for example, a Mo/Au/Mo stacked
film, further high reliability can be obtained. Both of when the
Mo/Au/Mo stacked film is used and when an Au/Mo stacked
film is used, their thermal resistance equivalent to that of the
Al film can be provided by adjusting their film thickness.

Further, in the first embodiment, the 4-pin Kovar-manufac-
tured stem base (whose inner diameter is 4.22 ¢) is used.
However, it goes without saying that other mounting method
is applicable. For example, mounting by four lead wires in a
TOS stem base is also possible. As a modified example of the
stem structure, a stem base is used instead of a lead terminal
connected to the source electrode is used, so that the stem base
can be used with three lead terminals.

Further, in the first embodiment, the present invention has
been explained by exemplifying the hydrogen gas sensor with
using the Si-MISFET. However, the present invention is also
applicable to a hydrogen gas sensor of other system such as a
hydrogen gas sensor with a MIS-type capacitor.

(Second Embodiment)

The second embodiment relates to the second means for
solving the first problem. The means according to the present
second embodiment for solving the first problem will be
explained below.

In the case of the MISFET-type hydrogen gas sensor, as
different from a digital IC or an analog IC, there is little
problem about an intrinsic performance of an element (a
mutual conductance Gm, a source-drain current Ids which
can be flown for each unit gate width, or others), a parasitic
resistance Rsg between the source and the gate, or others. In
consideration of this point, only a MISFET structure having
repeatability is required, so that there is no need for using
monocrystalline Si for the substrate. Since the matter that the
thermal conductivity of Si crystal is too high, glass having a
thermal conductivity significantly lower than that of monoc-
rystalline Si is used for the substrate, and a hydrogen gas
sensor is formed on the glass substrate, so that a hydrogen gas
sensor with low power consumption can be achieved. For
example, a sensor FET can be formed on a glass substrate by
forming a channel layer made of polysilicon and a gate insu-
lation film made of SiO, or others on the glass substrate,
forming the Pt—Ti—O gate Si-MISFET similarly to the
description in the above-described first embodiment, and
removing polysilicon having a low thermal resistance exist-
ing on a portion except for the intrinsic FET region. In this
case, the above-described Expression (1) can be satisfied even
without the MEMS structure.

Next, a hydrogen gas sensor formed on the glass substrate
according to the second embodiment by using a TFT (Thin
Film Transistor) process will be explained in detail with ref-
erence to FIGS. 9 to 13. FIG. 9 is a cross-sectional view of a
principal part of a sensor FET in which polysilicon formed on
the glass substrate is used for the channel layer according to
the second embodiment, FIGS. 10A to 10D are cross-sec-
tional views of a principal part illustrating a method of manu-
facturing the sensor FET, FIG. 11 is a plan view of a principal
part of a sensor chip, FIG. 12 is a cross-sectional schematic
view of a hydrogen gas sensor on which the sensor chip is
mounted, and FIG. 13 is a graph diagram for explaining
heater power consumption characteristics of the hydrogen
gas sensor. The TFT process is manufactured according to a
low-temperature polysilicon TFT process used for a liquid
crystal panel. Here, a step of forming a catalytic metal gate, a
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step of removing an insulation film on a gate electrode of a
sensor FET, and a step of forming a heater portion will be
mainly explained in detail.

Since the glass substrate is used as the substrate in the
second embodiment, the MEMS structure is not provided.
However, such an idea that the heater region is surrounded by
a heat insulation structure remains. Further, in the second
embodiment, WSiis used for the heater wiring. The resistivity
of WSiatatemperature of 115° C. is, for example, 300 pf2cm.

A basic configuration of a hydrogen gas sensor according
to the second embodiment and a method of manufacturing the
same will be explained with reference to FIGS. 9 to 10D.

First, a heat-resistant foamed glass substrate (a substan-
tially planar circular thin plate which is referred to as “glass
wafer” at this stage) 13 is prepared, and SiO, is formed so as
to have a thickness of, for example, 300 nm (omitted in FIG.
9) by a PECVD (Plasma Enhanced Chemical Vapor Deposi-
tion) method as a film for preventing contamination from this
glass substrate 13. Next, an amorphous silicon (a-Si) film
serving as a precursor is formed so as to have a thickness of,
for example, 50 nm by the PECVD method, and, subse-
quently, hydrogen in the a-Si film is desorbed by a thermal
annealing treatment at a temperature of 450° C. (dehydroge-
nating treatment). Next, laser beam having an energy density
of 250 mJ/cm? is irradiated to the a-Si film by using a XeCl
(308 nm) ultraviolet excimer laser annealing method so that a
whole surface of the a-Si film is changed to a polysilicon
layer. Next, the polysilicon layer except for the intrinsic FET
region is removed by a photolithography method followed by
a dry etching method. This remaining polysilicon layer
becomes the channel layer 14.

Next, an insulation film (SiO,) is formed so as to have a
thickness of, for example, 40 nm by the PECVD method.
After n*-Si layers 158 and 15D are formed by doping P into
regions serving as a source region and a drain region by an ion
implantation method with using a photoresist as a mask, the
ion-implanted impurity (P) is activated by an RTA (Rapid
Thermal Annealing) method. Next, an insulation film (SiO,
film) 16 is formed so as to have a thickness of, for example,
200 nm, and then, the insulation film 16 in the gate region is
removed. Subsequently, a gate insulation film (SiO, film) 17
is formed so as to have a thickness of, for example, 40 nm by
the PECVD method. Next, a Ti film, and then, a Pt film are
formed so as to have thicknesses of, for example, 5 nm and 15
nm by an electron beam deposition method with using a
photoresist as a mask, respectively, and then, a gate electrode
18 is formed by processing the Pt film and the Ti film by a
lift-off method.

Inthis case, unless the formation from the channel layer 14
to the gate insulation layer 17 are continuously performed, a
temporal change in FET characteristics is observed in some
cases, and therefore, the continuous formation from the chan-
nel film 14 to the gate insulation film 17 is desired. An
example of a manufacturing step of the continuous formation
from the channel layer 14 to the gate insulation film 17 will be
explained with reference to FIGS. 10A to 10D.

As illustrated in FIG. 10A, the a-Si film and the gate insu-
lation film 17 are continuously formed, and a dummy-gate
Si;N, film 70 is formed so as to have a thickness of, for
example, 40 nm. Subsequently, the Si;N,, film 70 and the gate
insulation film 17 are sequentially removed with using a
photoresist 71 as a mask, and then, the n*-Si layers 158 and
15D are formed by doping P into the a-Si film by an ion
implantation method.

Next, as illustrated in FIG. 10B, the photoresist 71 is
removed, and then, a SiO, film 73 is formed so as to have a
thickness of, for example, 400 nm by the PECVD method.
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Further, the ion-implanted impurities (P) into the a-Si film are
activated by an RTA method. Subsequently, the SiO, film 73
in the gate region is removed with using a photoresist 72 as a
mask by dry etching and wet etching with using BHF.

Next, as illustrated in FIG. 10C, the dummy-gate Si;N,
film 70 is removed by wet etching with phosphoric acid
system, and then, the photoresist 72 is removed.

Next, as illustrated in FIG. 10D, a gate metal film is
formed, and then, a gate electrode 18 is formed by using a
lift-off gate resist of the gate metal. In the second embodi-
ment, a width (gate length) of the gate region is, for example,
5 um, and a gate width thereof is, for example, 15 pm.

Next, the gate electrode 18 is formed, and then, an insula-
tion film (SiO, film) 19 is formed so as to have a thickness of,
for example, 400 nm by the PECVD method. Next, a heater
wiring 32P made of WSi is formed on the insulation film 19.
A width of the heater wiring 32P is, for example, 1 um, a
height thereof is, for example, 0.1 um, and a length thereofis,
for example, 150 pm. Further, a resistivity of the heater wiring
32P at a temperature of 115° C. is 300 pQcm. The heater
wiring 32P is formed in an accordion-fold shape formed of
three lines having a line interval of 1 um therebetween based
on a length unit of 25 pum. Its heater resistance at the tempera-
ture of 115° C. is 4.5 kQ.

Next, a PSG protective film 30 for covering the heater
wiring 32P is formed so as to have a thickness of, for example,
400 nm, and then, contact holes are bored in the PSG protec-
tive film 30, the insulation film 19, the gate insulation film 17,
and the insulation film 16. Subsequently, a source electrode
11S and a drain electrode 11D are formed inside the contact
holes, and besides, lead-out wirings are formed. Subse-
quently, a protective film 33 made of Si;N,, for covering the
source electrode 118, the drain electrode 11D, and the lead-
out wirings is formed so as to have a thickness of 1 pm. The
protective film 33, the PSG protective film 30, and the insu-
lation film 19 on the gate electrode 18 ofthe sensor portion are
removed by using dry etching and wet etching. Finally, in
order to achieve the Pt—Ti—O gate structure, the air anneal-
ing treatment is performed at the temperature of 400° C. for 2
hours, and the temperature is returned to a room temperature,
and then, the normal post hydrogen annealing treatment is
performed with using the 0.1% air-diluted hydrogen at the
temperature of 115° C. for 10 minutes. Then, the glass wafer
is diced to, for example, 0.55-mm square dices to form the
sensor chips. FIG. 11 illustrates a plan view of a principal part
of'asensor chip 45S which has been substantially completed.

Then, as illustrated in FIG. 12, the sensor chip 45S is
mounted on a stem base 51 equipped with four lead terminals
as similarly to the above-described first embodiment.

A heat insulation material 501 obtained by processing a
foamed glass (whose thermal conductivity is 0.061 W/(m-°
C.)) into a rectangular parallelepiped shape having, for
example, a planar dimension of “0.60 mmx0.60 mm” and a
height of 3.5 mm is bonded onto a 4-pin Kovar-manufactured
stem base 51 (whose inner diameter is 4.22 ¢). A thickness of
the sensor chip 458 is, for example, 500 um, and a chip size
(planar dimension) thereof is, for example, 0.55 mmx0.55
mm. As different from the above-described first embodiment,
a shape of the source lead-out wiring 20S and a shape of the
drain lead-out wiring 20D are different from each other. How-
ever, widths of the lead-out wirings 20S and 20D are, for
example, 8 um, and lengths thereof are, for example, 800 um
by adopting a zigzag structure (which is omitted in the draw-
ing) or others. In this case, in order to reduce the thermal
resistance, when a region edge of about 2 pum is formed on
regions where the intrinsic FET region 35 and the lead-out
wirings 208, 20D, 20G and 20H are formed and when they are
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referred respectively to as “intrinsic FET region” and “lead-
out wirings”, the Si;N, film of the protective film 33 except
for these regions can be removed. In this case, there is no
protective film on the gate region 25 for the sensor FET.

In such a hydrogen gas sensor, a total thermal resistance of
four lead-out wirings 20S, 20D, 20G, and 20H is, for
example, 2.78x10°° C./W, a resistance of the heater wiring
32P is, for example, 4.5 k2 at the temperature of 115° C. At
apower source voltage of 3V, a current of 2 mA is flown, and
the heater maximum power Powmax is 2 mW. The thermal
resistance R, of the heat insulation material 501 made of the
foamed glass is such large as 3.57x10°° C./W. In a case of a
TFT-type Si-MISFET hydrogen gas sensor, a TFT substrate
itself is also made of the foamed glass having a high thermal
resistance, and therefore, a thermal resistance thereof from
the heater region to the pad electrodes 40, 41, 42, and 43 is
large, and the thermal resistance of 2.78x10°° C./W of the
lead-out wirings 20S, 20D, 20G, and 20H largely contributes
to the thermal resistance between the heater region and the
pad electrodes 40, 41, 42, and 43.

FIG. 13 illustrates a graph diagram for explaining a rela-
tionship between the resistance of the heater wiring and the
power consumption obtained when the current is flown
through the heater wiring. As illustrated in FIG. 13, operation
with a power consumption of 1.7 mV (a current of 0.615 mA
and a voltage 0f2.764 V) at an operation temperature of 115°
C. which achieves the temperature difference AT=150° C. is
possible.

As described above, the hydrogen gas sensor exemplified
in the second embodiment has the relationships of
“1/R,;,=0.28x107> W/° C, “1/R,;=0.269x10™> W/° C.”, and
“4mhr ,~0.512x107> W/° C, and therefore, the “Powmax/
ATmax” in the left-hand side of the Expression (1) becomes
1.113x107> W/° C., which satisfies the Expression (1).

Note that, if the power consumption is sacrificed to some
extent, the TFT sensor can be formed with using quartz glass
instead of the heat-resistant foamed glass substrate.

As described above, according to the second embodiment,
the hydrogen gas sensor is formed on the glass substrate
having a thermal conductivity significantly lower than that of
the monocrystalline Si, and therefore, the thermally-insulat-
ing characteristics are extremely excellent, and a hydrogen
gas sensor having low power consumption can be achieved.
Further, since the glass substrate is used, the hydrogen gas
sensor can also be applied to a radioactive environment such
as a hydrogen gas sensor for a nuclear reactor exhaust gas or
space. Further, since it is not required to use the MEMS
structure as different from the case of using the Si substrate,
the hydrogen gas sensor can be manufactured at a low cost.

(Third Embodiment)

In the third embodiment, an example of a hydrogen gas
sensor having the power source voltage of 3 V and the Pow-
max of 11.7 mW equipped with a heater wiring formed of an
Al film to which Si is doped will be explained with reference
to FIGS. 14 and 15. The maximum value of the current
flowing through the heater wiring is 3.9 mA. FIGS. 14 and 15
are a cross-sectional view of a principal part of a sensor FET
and a plan view of a principal part of a sensor chip, respec-
tively. The sensor chip is manufactured by using a SOI sub-
strate similarly to the above-described first embodiment. As a
heater wiring 32A, a Si-doped Al film having a resistivity of
4 uQcm at a temperature of 115° C. is used, and a width
thereof is, for example, 1 pm, a height thereof'is, for example,
0.5 um, and a length thereof is, for example, about 9.6 mm. A
planar dimension of an intrinsic FET region 35 is, for
example, 170 umx150 um, a planar dimension of the heater
region is, for example, 160 pmx130 um, and the heater wiring
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32A formed of the Si-doped Al film having a thickness of 160
um is formed so as to form 60 lines. A chip size (planar
dimension) of the sensor chip 45 is, for example, 1 mmx1
mm. That of the MEMS region 34 is, for example, 300
umx300 pm. Widths of the lead-out wirings 20S, 20D, 20G,
and 20H are, for example, 20 um, and lengths thereof are, for
example, about 700 um. A gate length of the sensor FET is, for
example, 5 um, and a gate width thereof is, for example, 150
um. In the present third embodiment, the number of the folded
wirings is large, and therefore, the heater wiring 32A is par-
tially omitted in FIGS. 14 and 15.

Aheat insulation material obtained by processing a foamed
glass (whose thermal conductivity is 0.061 W/(m-° C.)) into a
rectangular parallelepiped shape having, for example, a pla-
nar dimension of 1 mmx1 mm and a height of 3.0 mm is used,
and this heat insulation material is bonded to a stem base
similarly to FIG. 4A described in the above-described first
embodiment. Since the heater wiring 32A has a resistant
value of 768Q at a chip temperature of 115° C., the maximum
power consumption Powmax at the chip temperature of 115°
C. is 11.7 mW. Since the planar dimension of the MEMS
region 34 is, for example, 300 umx300 pm, and since the
planar dimension of the intrinsic FET region 35 is, for
example, 170 umx150 pm, the closest distance between the
edge of the intrinsic FET region 35 and the edge ofthe MEMS
region 34 in the third embodiment is, for example, 65 pum,
which is formed about 1.8 times larger than 36 um (6 umx6
lines) which is the sum of the widths of all the bridge regions
and the widths of all the reinforced region.

As described above, the hydrogen gas sensor exemplified
in the third embodiment has the relationships of “1/R ,=2.04x
107 W/° C, “1/R;=1.06x107> W/° C’, and “4sthr ,=3.30x
10~ W/° C”, and therefore, the sum of three terms becomes
6.4x107> W/° C”, and the “Powmax/ATmax” in the left-hand
side of the Expression (1) becomes 6.7x107> W/° C., which
satisfies the Expression (1).

Further, an example of a hydrogen gas sensor having the
power source voltage of 3 V and the Powmax of 11.7 mW
equipped with a heater wiring formed of a Si-doped Al film
having a double-layer structure will be explained with refer-
ence to FIGS. 16 and 17. The current flowing through the
heater wiring is 3.9 mA. FIGS. 16 and 17 are a cross-sectional
view of a principal part of a sensor FET and a plan view of a
principal part of a sensor chip, respectively. Similarly to the
above-described first embodiment, the sensor chip is manu-
factured by using a SOI substrate. As heater wirings 32A and
322, a Si-doped Al film having a resistivity of 4 pQ2cm at a
temperature of 115° C. is used, and widths thereof are, for
example, 1 um, heights thereof are, for example, 0.5 um, and
lengths thereof are, for example, about 9.6 mm. A planar
dimension of the intrinsic FET region 35 is, for example, 110
umx130 um, a planar dimension of the heater region is, for
example, 100 umx110 pm, and the heater wirings 32A and
322 formed of the Si-doped Al film having a thickness of 100
um are formed so as to form a double layer with 48 lines. In
the present third embodiment, the number of the folded wir-
ings is large, and therefore, parts of the heater wirings 32A
and 322 are omitted in FIG. 16. In FIG. 17, the heater wiring
32 of the upper layer is omitted. A chip size (planar dimen-
sion) of the sensor chip 45 is, for example, 1 mmx1 mm. That
of the MEMS region 34 is, for example, 200 umx220 pm.
Widths of the lead-out wirings 20S, 20D, 20G, and 20H are,
for example, 20 um, and lengths thereof are, for example,
about 700 um. A gate length of the sensor FET is, for example,
5 pm, and a gate width thereof is, for example, 90 um. The
thin-film structure of the bridge region is the same as that of
the above-described first embodiment except for the different
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point in the dimension. Since the planar dimension of the
MEMS region 34 is, for example, 200 umx220 um, and since
the planar dimension of the intrinsic FET region 35 is, for
example, 110 umx130 pm, the closest distance between the
edge of the intrinsic FET region 35 and the edge ofthe MEMS
region 34 in the third embodiment is, for example, 45 pum,
which is formed about 1.25 times larger than 36 um (6 pmx6
lines) which is the sum of the widths of all the bridge regions
and the widths of all the reinforced region.

A heat insulation material obtained by processing a foamed
glass (whose thermal conductivity is 0.061 W/(m-° C.)) into a
rectangular parallelepiped shape having, for example, a pla-
nar dimension of 1 mmx1 mm and a height of 3.0 mm is used,
and this heat insulation material is bonded to a stem base
similarly to FIG. 4A described in the above-described first
embodiment. Since the heater wirings 32A have a resistant
value of 7682 at a chip temperature of 115° C., it is found that
the power consumption at the chip temperature of 115° C. is
11.7 mW. Although the detailed description is omitted, the
relationship satisfies the Expression (1).

As described above, according to the third embodiment,
even if the heater wiring is made of the Si-doped Al film
without using WSi, a hydrogen gas sensor which can be
operated for one year or longer while the power consumption
is slightly high can be manufactured by using the intermittent
operation such as a duty ratio of 0.08 (heating for 2.4 seconds
and heating stop for 27.6 seconds).

(Fourth Embodiment)

The fourth embodiment relates to the means for solving the
third problem. In order to maintain the temperature of the
sensor chip at the set temperature when the environmental
temperature at which the hydrogen gas sensor is installed
changes in the wide range from the low temperature of about
-50° C. to the high temperature of about 70° C., the above-
described first embodiment has explained the method of con-
trolling the consumption amount of the power consumption
supplied to the heater wiring in response to the change of the
environmental temperature at which the sensor is installed
with reference to FIGS. 8A and 8B instead of the method with
the temperature compensation element. In a sensor chip
according to the fourth embodiment, the enhancement-type
control FET 81 explained in the above-described first
embodiment is formed on the SOI substrate outside the
MEMS region 34.

FIG. 18 illustrates a plan view of a principal part of the
sensor chip according to the fourth embodiment. In the fourth
embodiment, when the sensor FET 80 is formed in the manu-
facturing of the control FET 81, the step of removing the
insulation film on the gate electrode is omitted. However, the
air annealing treatment at the temperature of 400° C. for 2
hours followed by the normal post hydrogen annealing treat-
ment are performed immediately after the gate electrode is
formed, and then, the insulation film is formed. FIG. 18
illustrates a heater resistor 82, a sensor FET 80, and an
enhancement-type control FET 81. The heater resistor 82 is
connected to a source electrode of the control FET 81, and a
drain electrode of the control FET 81 is connected to a pad
electrode 40 having the power source of Vdd in series. When
it is required to monitor a voltage from a connection portion
between the heater resistor 82 and the source electrode of the
control FET 81, a monitor terminal is connected to the con-
nection portion. However, the monitor terminal is not manu-
factured in the fourth embodiment. It illustrates a pad elec-
trode 42 connected to the source electrode of the sensor FET
80, a pad electrode 41 connected to a gate electrode of the
control FET 81, and a pad electrode 43 connected to a gate
electrode of the sensor FET 80. A threshold voltage Vth of the
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control FET 81 is, for example, 1.0V, a gate length thereofis,
for example, 2 um, and a gate width thereof is, for example,
100 um. When a source-drain voltage Vds is 0.2614 V, a
source-drain current is 1.826 mA. That is, the gate voltage is
selected to be positioned at an intersection between the I-V
characteristics of the control FET 81 and the “I=V/R(Ts)” at
V(150) in FIG. 8B described above.

The control FET 81 is manufactured close to the pad elec-
trode outside the MEMS region 34 so that the temperature of
the heater region is difficult to affect thereon.

As described above, according to the fourth embodiment,
the control FET 81 for controlling the power consumption of
the heater region is configured as an IC, and therefore, it can
be easily connected to an analog circuit such as an operational
amplifier IC, and the operation temperature of the hydrogen
gas sensor can be easily maintained constant against the
change of the environmental temperature.

(Fifth Embodiment)

A flammable gas sensor to which a tin oxide film (SnO,
film) according to a fifth embodiment is applied will be
explained with reference to FIGS. 19 and 20.

In the fifth embodiment, different points from the above-
described first embodiment will be mainly explained. FIGS.
19 and 20 are a cross-sectional view of a sensor chip portion
obtained when a polysilicon film is used for the heater wiring,
and a plan view of a principal part of the sensor chip, respec-
tively. Similarly to the above-described first embodiment, the
sensor chip is manufactured with using the SOI substrate. As
a heater wiring 32PP, a polysilicon film having a resistivity of
450 pQcm at a temperature of 400° C. is used, and a width
thereof'is, for example, 1 um, a height thereof is, for example,
0.5 pm, a length thereof is, for example, about 100 um, and
has a resistance value of 900€2. A planar dimension of the
heater region is, for example, 25 umx20 pm.

In a sensor chip 45 according to the fitth embodiment, first,
a Silayer 24PP and a thermal oxidation film (SiO, film) 26PP
are sequentially formed on an embedded insulation layer 23.
A thickness of the Si layer 24PP is, for example, 0.2 pm.
Further, a polysilicon film 32PP is formed on the thermal
oxidation film 26PP. A thickness of the polysilicon film 32PP
is, for example, 0.5 um. Subsequently, P is doped into the
heater region by an ion implantation method, and then, the
polysilicon film 32PP is processed in accordance with the
heater wiring. Subsequently, a PSG protective film 30 for
covering the polysilicon film 32PP is formed so as to have a
thickness of, for example, 300 nm, and then, the polysilicon
film 32PP is activated by an annealing treatment. Then, the
PSG protective film 30 on the sensor region 100 is removed,
and a tin oxide film (SnO, film) 101 is formed by a sputtering
method and is further processed. Then, lead-out wirings 20a,
206, 20c¢, and 20d made of Al are formed, and a protective film
33 formed of the PSG protective film 30 and a Si; N, film is
formed similarly to the above-described first embodiment.

While the temperature characteristics are different, the
heater wiring formed of the polysilicon film 32PP has a resis-
tance value of 900 Q at a temperature of 400° C., so that the
power consumption of 10 mW can be obtained in the opera-
tion at the temperature of 400° C. by applying the same
mounting method as the method explained with reference to
FIG. 4A in the above-described first embodiment. The usage
of the through-holes 36 in the bridge regions, the reinforced
regions 91, the lead-out wirings 20a, 205, 20c, and 20d is
similar to that in the above-described first embodiment. A
chip size (planar dimension) of the sensor chip 45 is, for
example, 0.45 mmx0.45 mm. A heat insulation material
obtained by processing a foamed glass (whose thermal con-
ductivity is 0.061 W/(m-° C.)) into a rectangular parallelepi-
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ped shape having, for example, a planar dimension of 0.5
mmx0.5 mm and a height of 4.0 mm is used, and this heat
insulation material is bonded to a stem base similarly to FIG.
4A described in the first embodiment.

As described above, according to the fifth embodiment, it is
found that the present invention is also effective to the flam-
mable gas sensor to which the tin oxide film (SnO, film) 101
is applied. Note that, in the fifth embodiment, the control FET
is formed on the same substrate similarly to the above-de-
scribed fourth embodiment, so that the current flowing
through the heater wiring can be controlled.

In the foregoing, the invention made by the present inven-
tor has been concretely described based on the embodiments.
However, it is needless to say that the present invention is not
limited to the foregoing embodiments and various modifica-
tions and alterations can be made within the scope of the
present invention.

For example, in the above-described first to fifth embodi-
ments, the Mo/Au/Mo wiring can be applied to the lead-out
wirings, so that further high reliability can be obtained. Fur-
ther, as the mounting structure, the embodiments in which the
heat insulation material made of the foamed glass is used have
been explained. However, even if the PEEK material having
the thickness of, for example, 3 mm is used, the Expression
(1) can be satisfied while the power consumption is slightly
large.

Further, in the above-described first to fifth embodiments,
the sensor FET in respond to a target gas has been described
as the present invention. A sensitivity thereof can be increased
by the method of detecting the difference of the sensor signals
achieved by forming the structure similar to those of the
above-described first to fourth embodiments, forming the
reference sensor by covering the gate portion with the pro-
tective film made of SiO,, PSG, Si;N, or others, and using
this reference sensor (FET) mounted in accordance with each
of the first to fourth embodiments and the sensor FET
explained previously. In this case, the reference sensor can be
achieved by using the process of forming the gate electrode,
and then, performing the air annealing treatment thereto at the
temperature of 400° C. for 2 hours followed by the normal
hydrogen annealing treatment, and then, forming the insula-
tion film on the gate electrode.

Further, in the above-described first to fourth embodi-
ments, the explanation has been made with the n-channel-
type MISFET. However, it goes without saying that the
present invention can be implemented by adopting a p-chan-
nel-type MISFET and reversing a polarity thereof.

INDUSTRIAL APPLICABILITY

The present invention can be applied to a gas sensor which
detects not only a hydrogen gas but also various flammable
gases.

SYMBOL EXPLANATION

8 lead wire

9 sensor chip

10 heater region

118 source electrode

11D drain electrode

13 glass substrate

14 channel layer

15S and 15D n*-Si layer

16 insulation film (SiO, film)
17 gate insulation film (SiO, film)
18 gate electrode
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19 insulation film (SiO, film)

20a, 2056, 20c, 20d, 20D, 20G, 20H, and 20S lead-out
wiring

207 lead-out wiring in bridge region

20ZS lead-out wiring

22 Si substrate

23 embedded insulation layer (SiO, film)

24 channel layer (Si layer)

24PP Si layer

25 gate region

26 local oxidation film (SiO, film)

26PP thermal oxidation film (SiO, film)

27 gate insulation film (SiO, film)

28 gate electrode (Pt—Ti—O gate, catalytic metal gate)

28S and 28D n*-Si layer

29 and 30 PSG protective film

31S source electrode

31D drain electrode

32, 32A, and 32P heater wiring

32PP polysilicon film (heater wiring)

33, 338, and 33SS protective film

34 MEMS region

35 intrinsic FET region

36 through-hole

37 contact hole

40, 41, 42, and 43 pad electrode

44G, 44H, and 448 contact hole

45 and 458 sensor chip

50 heat insulation material

51 stem base

54 flange of stem base

55 lead terminal

56 cap

57 PEEK material

58 water-proof permeable material

59 cap size

60 intake hole

61 glass material

70 Si;N,, film

71 and 72 photoresist

73 810, film

80 sensor FET

81 control FET

82 heater resistor

83 gate terminal of control FET

84 gate terminal of sensor FET

90, 90S, 90G, 90H, 95, and 96 bridge region

91 reinforced region

93 and 93SS stacked film

100 sensor region

101 tin oxide film (SnO, film)

322 heater wiring

501 heat insulation material

The invention claimed is:

1. A gas sensor comprising: a sensor chip including a
sensor MISFET and a heater formed at a heater region on a
main surface of a substrate; a mounting substrate on which the
sensor chip is mounted; and a heat insulation material
inserted between the sensor chip and the mounting substrate,

wherein, on the main surface of the substrate of the sensor

chip, a pad electrode is formed so as to be connected to
the heater via a lead-out wiring, a lead terminal used for
connection to an outside is formed so as to penetrate
through the mounting substrate, and the pad electrode
and the lead terminal are connected to each other by a
lead wire,
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wherein the sensor MISFET includes a catalytic metal
gate, a source electrode, and a drain electrode, and the
heater is arranged on a plane that extends between the
source electrode and the drain electrode and has a first
portion at one side of the catalytic metal gate and a
second portion at an opposite side of the catalytic metal
gate and has a gap region between the first portion and
the second portion, and the heater is provided at a height
position higher than a height position of the catalytic
metal gate in a direction perpendicular to the plane on
which the heater is arranged,

and wherein a thermal resistance obtained from the heater
region where the heater is formed to the mounting sub-
strate so as to interpose the sensor chip and the heat
insulation material therebetween is represented as “R,,”,
a total thermal resistance of a thermal resistance from
the heater region to the pad electrode and a thermal
resistance of the lead wire is represented as “R,”, a
radius of a circle having the same area size as a surface
area of the heater region is represented as “r ,”, a thermal
conductivity of atmosphere gas generated by the heating
of the heater is represented as “A”, a difference between
a set temperature of the heater region and an environ-
mentally-assumed lowest temperature in installation is
represented as a temperature difference “ATmax”, and a
heater maximum power supplied to the heater which is
determined by an electric resistance of the heater at the
set temperature and a power source voltage is repre-
sented as “Powmax”, to provide a heater maximum
power Powmax of 25 mW or less, but greater than zero,
throughout a specified operation range of the gas sensor,
the thermal resistances R , and R; and the surface area of
the heater region are set so as to satisty a relationship of
“Powmax/ATmax>1/R,+1/R, +4mh-r .

2. The gas sensor according to claim 1,

wherein, the heating time of the heater and heating stop
time of the heater are represented as “r,” and “t,”,
respectively, and a relationship of “duty ratio =t,/(t,
+T,)” is in a range of 1/14 to 1.0.

3. The gas sensor according to claim 1,

wherein the heat insulation material is made of foamed
glass or PEEK material.

4. The gas sensor according to claim 1,

wherein the heater is made of WSi, polysilicon, Al, or W.

5. The gas sensor according to claim 1,

wherein the substrate of the sensor chip is a SOI substrate
formed of a Si substrate, an embedded insulation layer,
and a Si layer, and the sensor MISFET is formed in a
MEMS region where the Si substrate of the SOI sub-
strate is bored.

6. The gas sensor according to claim 1,

wherein the substrate of the sensor chip is a SOI substrate
formed of a Si substrate, an embedded insulation layer,
and a Si layer, and the heater region where a heater
wiring of the heater is arranged so as to sandwich a
catalytic region including two lead wires is formed in a
MEMS region where the Si substrate of the SOI sub-
strate is bored.

7. The gas sensor according to claim 1,

wherein the substrate of the sensor chip is a glass substrate.

8. The gas sensor according to claim 1,

wherein the substrate of the sensor chip is a SOI substrate
formed of a Si substrate, an embedded insulation layer,
and a silicon layer, and the SOI substrate includes: a
MEMS region where the Si substrate is bored; and an
intrinsic FET region where the sensor MISFET is
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formed inside the MEMS region and which has a smaller
planar area size than that of the MEMS region,

a lead-out wiring is formed for connecting the catalytic
metal gate of the sensor MISFET, the source electrode
thereof, the drain electrode thereof, and one end of the
heater to a plurality of the pad electrodes provided out-
side the MEMS region, respectively,

a part of the MEMS region which does not overlap with the
intrinsic FET region includes: bridge regions where the
lead-out wiring and a protective film for covering the
lead-out wiring are formed on the embedded insulation
layer; and reinforced regions where only the protective
film is formed on the embedded insulation layer,

a part of the MEMS region which does not overlap with the
intrinsic FET region and except for the bridge regions
and the reinforced regions includes a through-hole
where the protective film and the embedded insulation
layer are removed, and

the closest distance between an edge of the intrinsic FET
region and an edge of the MEMS region is 1 to 20 times
the sum of widths of all the bridge regions and widths of
all the reinforced regions.

9. The gas sensor according to claim 8,

wherein the protective film includes: a first insulation film
which is a lower layer made of silicon oxide; and a
second insulation film which is an upper layer made of
silicon nitride, and

the intrinsic FET region except for a gate region where the
catalytic metal gate is formed is covered with the first
and second insulation films, the bridge regions are cov-
ered with the first and second insulation films, and the
reinforced regions are covered with only the first insu-
lation film.

10. The gas sensor according to claim 1,

wherein the substrate of the sensor chip is a SOI substrate
formed of a Si substrate, an embedded insulation layer,
and a silicon layer, and the SOI substrate includes: a
MEMS region where the Si substrate is bored; and an
intrinsic FET region where the sensor MISFET is
formed inside the MEMS region and which has a smaller
planar area size than that of the MEMS region,

a lead-out wiring is formed for connecting the catalytic
metal gate of the sensor MISFET, the source electrode
thereof, the drain electrode thereof, and one end of the
heater to a plurality of the pad electrodes provided out-
side the MEMS region, respectively,

a part of the MEMS region which does not overlap with the
intrinsic FET region includes: bridge regions where the
lead-out wiring and a protective film for covering the
lead-out wiring are formed on the embedded insulation
layer; and reinforced regions where only the protective
film is formed on the embedded insulation layer, and

the protective film includes: a first insulation film which is
a lower layer made of silicon oxide; and a second insu-
lation film which is an upper layer made of silicon
nitride, and the protective film of the part of the MEMS
region which does not overlap with the intrinsic FET
region and except for the bridge regions is formed of
only the first insulation film.

11. The gas sensor according to claim 10,

wherein a part of the MEMS region which does not overlap
with the intrinsic FET region and except for the bridge
regions and the reinforced regions includes a through-
hole which penetrates through the embedded insulation
layer, and
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the closest distance between an edge of the intrinsic FET
region and an edge of the MEMS region is 1 to 20 times
the sum of widths of all the bridge regions and widths of
all the reinforced regions.

12. The gas sensor according to claim 1,

wherein four of the pad electrode are formed on the main
surface of the substrate of the sensor chip, and

the catalytic metal gate of the sensor MISFET, the source
electrode thereof, the drain electrode thereof, and one
end of the heater are connected to the four of the pad
electrode via a lead-out wiring, respectively, and the
source electrode of the sensor MISFET and another end
of the heater are electrically connected to each other.

13. The gas sensor according to claim 1,

wherein the catalytic metal gate of the sensor MISFET has
a structure due to annealing under hydrogen atmosphere
gas.

14. The gas sensor according to claim 13,

wherein the hydrogen atmosphere gas is air-diluted gas,
and an annealing temperature is in a range of 80 to 300°
C.

15. The gas sensor according to claim 13,

wherein the catalytic metal gate is made of Pt—Ti—O.

16. A gas sensor comprising: a sensor chip including a

sensor MISFET, a control MISFET, and a heater at a heater
region formed on a main surface of a substrate; a mounting
substrate on which the sensor chip is mounted; and a heat
insulation material inserted between the sensor chip and the
mounting substrate,

wherein the sensor MISFET includes a catalytic metal
gate, a source electrode, and a drain electrode, and the
heater is arranged on a plane that extends between the
source electrode and the drain electrode and has a first
portion at one side of the catalytic metal gate and a
second portion at an opposite side of the catalytic metal
gate and has a gap between the first portion and the
second portion, and the heater is provided at a height
position higher than a height position of the catalytic
metal gate in a direction perpendicular to the plane on
which the heater is arranged,

wherein one end of the heater is connected to the source
electrode of the control MISFET, another end of the
heater and the source electrode of the sensor MISFET
are grounded, and a drain electrode of the control MIS-
FET and the drain electrode of the sensor MISFET are
connected to a power source,

wherein, on the main surface of the substrate of the sensor
chip, a pad electrode is formed so as to be connected to
the heater via a lead-out wiring, a lead terminal used for
connection to an outside is formed so as to penetrate
through the mounting substrate, and the pad electrode
and the lead terminal are connected to each other by a
lead wire, and,

wherein a thermal resistance obtained from the heater
region where the heater is formed to the mounting sub-
strate so as to interpose the sensor chip and the heat
insulation material therebetween is represented as “R,,”,
a total thermal resistance of a thermal resistance from
the heater region to the pad electrode and a thermal
resistance of the lead wire is represented as “R,”, a
radius of a circle having the same area size as a surface
area of the heater region is represented as “r,”, a thermal
conductivity of atmosphere gas generated by the heating
of the heater is represented as “A”, a difference between
a set temperature of the heater region and an environ-
mentally-assumed lowest temperature in installation is
represented as a temperature difference “c’Tmax”, and a
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heater maximum power supplied to the heater which is
determined by an electric resistance of the heater at the
set temperature and a power source voltage is repre-
sented as “Powmax”, to provide a heater maximum
power Powmax of 25 mW or less but greater than zero
throughout a specified operation range of the gas sensor,
the thermal resistances R, and R; and the surface area of
the heater region are set so as to satisfy a relationship of
“Powmax/ATmax>1/R,+1/R +4mhr,”.
17. A gas sensor comprising: a sensor chip including a
sensor MISFET, a control MISFET, and a heater at a heater
region formed on a main surface of a substrate; a mounting
substrate on which the sensor chip is mounted; and a heat
insulation material inserted between the sensor chip and the
mounting substrate,
wherein the sensor MISFET includes a catalytic metal
gate, a source electrode, and a drain electrode, and the
heater is arranged on a plane that extends between the
source electrode and the drain electrode and has a first
portion at one side of the catalytic metal gate and a
second portion at an opposite side of the catalytic metal
gate and has a gap between the first portion and the
second portion, and the heater is provided at a height
position higher than a height position of the catalytic
metal gate in a direction perpendicular to the plane on
which the heater is arranged,
wherein one end of the heater is connected to a source
electrode of the control MISFET, another end of the
heater and a source electrode of the sensor MISFET are
grounded, and a drain electrode of the control MISFET
and a drain electrode of the sensor MISFET are con-
nected to a power source,
wherein the control MISFET is an enhancement-type MIS-
FET,

wherein, on the main surface of the substrate of the sensor
chip, a pad electrode is formed so as to be connected to
the heater via a lead-out wiring, a lead terminal used for
connection to an outside is formed so as to penetrate
through the mounting substrate, and the pad electrode
and the lead terminal are connected to each other by a
lead wire, and,

wherein a thermal resistance obtained from the heater

region where the heater is formed to the mounting sub-
strate so as to interpose the sensor chip and the heat
insulation material therebetween is represented as “R,”,
a total thermal resistance of a thermal resistance from
the heater region to the pad electrode and a thermal
resistance of the lead wire is represented as “R,”, a
radius of a circle having the same area size as a surface
area of the heater region is represented as “r ,”, a thermal
conductivity of atmosphere gas generated by the heating
of'the heater is represented as “A”, a difference between
a set temperature of the heater region and an environ-
mentally-assumed lowest temperature in installation is
represented as a temperature difference “ATmax”, and a
heater maximum power supplied to the heater which is
determined by an electric resistance of the heater at the
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set temperature and a power source voltage is repre-
sented as “Powmax”, to provide a heater maximum
power Powmax of 25 mW or less but greater than zero
throughout a specified operation range of the gas sensor,
the thermal resistances R, and R; and the surface area of
the heater region are set so as to satisty a relationship of
“Powmax/ATmax>1/R+1/R, +4mh-r,”.

18. A sensor for the detection of flammable gas, compris-
ing a sensor chip including a field effect transistor for the
sensor and a heater wiring formed at a heater region on a main
surface of a substrate; a mounting substrate on which the
sensor chip is mounted; and a heat insulation material
inserted between the sensor chip and a mounting substrate,

wherein, on the main surface of the substrate of the sensor

chip, a pad electrode is formed so as to be connected to
the heater via a lead-out wiring, a lead terminal used for
connection to an outside is formed so as to penetrate
through the mounting substrate, and the pad electrode
and the lead terminal are connected to each other by a
lead wire,

wherein the field effect transistor for the sensor includes a

catalytic metal gate, a source electrode, and a first drain
electrode, and

the heater wiring is arranged on a plane that extends

between the source electrode and the drain electrode and
has a first portion at one side of the catalytic metal gate
and a second portion at an opposite side of the catalytic
metal gate and has a gap between the first portion and the
second portion, and the heater wiring is provided at a
height position higher than a height position of the cata-
Iytic metal gate of the field effect transistor in a direction
perpendicular to the plane on which the heater wiring is
arranged,

and wherein a thermal resistance obtained from the heater

region where the heater is formed to the mounting sub-
strate so as to interpose the sensor chip and the heat
insulation material therebetween is represented as “R,”,
a total thermal resistance of a thermal resistance from
the heater region to the pad electrode and a thermal
resistance of the lead wire is represented a “R; ”, a radius
of a circle having the same area as a surface area of the
heater region is represented as “r,”, a thermal conduc-
tivity of atmosphere gas generated by the heating of the
heater is represented as “A”, a difference between a set
temperature of the heater region and an environmen-
tally-assumed lowest temperature in installation is rep-
resented as a temperature difference “ATmax”, and a
heater maximum power supplied to the heater which is
determined by an electric resistance of the heater at the
set temperature and a power source voltage is repre-
sented as “Powmax”, to provide heater maximum Power
Powmax of 25 mW or less, but greater than zero,
throughout a specified operation range of the gas sensor,
the thermal resistances R, and R; and the surface area of
the heater region are set so as to satisty a relationship of
“Powmax/ATmax>1/R+1/R, +4mh-r,”.
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